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ABSTRACT 

Cancer is one of the leading causes of death worldwide and despite significant 

improvements to treatment and prevention, cancer cases remain on the rise. 

Chemotherapy is used to treat patients with cancer, however these do not only kill the 

cancer cells but also kill normal, healthy cells in the patient. Furthermore, cancer cells 

have the capacity to become resistant to chemotherapeutic treatment. Therefore, new 

treatments need to be developed to overcome this problem. One avenue that is being 

researched is the use of natural products as chemotherapeutic drugs. Over 60% of 

anticancer drugs used today are either natural products, or their synthetic derivatives 

and new research is being performed to screen plant and animal secondary metabolites 

to discover new compounds with anti-cancer therapeutic potential. The research 

reported in this thesis uses two compounds purified from natural products to explore a 

novel approach for cancer treatment.  

Stress granules (SGs) are messenger ribonucleoprotein particles that are produced in the 

cytoplasm of the cell in response to stress. Stress granules have been linked to the 

inhibition of apoptosis and development of multiple drug resistance and it has been 

suggested that cancer cells can hijack stress granules and use their biological activities 

to enhance cancer cell survival. In a study by Fournier et al  the inhibition of stress 

granules in bortezomib resistant cancer cells allowed these cells to become sensitive to 

bortezomib treatment and resulted in an increase in cell death from 15% to 75% 

(Fournier et al., 2010). This suggests that the inhibition of stress granule formation may 

restore chemo-sensitivity to the cancer cells, however, the full effect has not been 

explored beyond the cell based experiments described by Fournier et al.  

This research project was based on the research by Fournier et al, suggesting that SG 

inhibition can increase the efficacy of bortezomib. The aims of this project were to 

discover natural products that inhibited SG formation and use these natural products in 

combination with the chemotherapeutics bortezomib and sorafenib to increase their 

efficacies. 

Chapter 3 describes the optimisation and characterisation of SG formation in HEK293, 

MCF7, T47D, Vero, HeLa, MDAMB231 and MCF7MDR cells for the development of 

a SG inhibition assay. Chapter 4 describes the screening of 36 compounds from the 

Davis Open Access Compound Library from which 2 compounds, RAD112 and 
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psammaplysin F were discovered; having activity inhibiting SG formation in the in vitro 

SG inhibition assay. In chapter 5, the mechanism of action of RAD112 and 

psammaplysin F were explored. RAD112 belongs to the chalcone class and this class of 

compound is known for the disruption of microtubules. A microtubule assay was 

performed analysing the effect of RAD112 against a known microtubule inhibitor, 

nocodazole and it was confirmed that RAD112 was disrupting microtubules. 

Psammaplysin F did not cause the disruption of microtubules, therefore, the most 

common pathway of SG formation, phosphorylation of eIF2α (p-eIF2α) was analysed. It 

was discovered that psammaplysin F was reducing the amount of p-eIF2α in HEK293, 

MCF7, Vero and MCF7MDR cells. The mechanism of action studies of both 

compounds show promising results that warrant further evaluation. 

Combinational therapies have many advantages over single chemotherapy regimes in 

breast cancer as it has been shown that it can increase the patients disease free survival 

rate and reduce the risk of reoccurrence. In chapter 6 RAD112 and psammaplysin F 

were used in combination with bortezomib or sorafenib and the interaction between 

RAD112 with bortezomib or sorafenib and psammaplysin F with bortezomib or 

sorafenib was determined by cell viability assays and analysed using Compusyn 

software. The increase in efficacy of bortezomib or sorafenib when combined with 

RAD112 and psammaplysin F was also examined in the in vitro combinational assay. 

All combinations of the compounds with the drugs resulted in a synergistic interaction 

in most cell lines. However, psammaplysin F and sorafenib had the strongest synergistic 

interaction in MCF7MDR cells, with a combination index (CI) value of <0.4. The IC50 

of sorafenib was decreased 4 fold in MCF7MDR cells and 7 fold in MCF7 cells when 

combined with psammaplysin F. The efficacy of bortezomib and sorafenib was 

increased after treatment with RAD112 and psammaplysin F suggesting that 

psammaplysin F and bortezomib have the potential to be used in combination with 

known chemotherapeutics to restore drug efficacy. 

Altogether, this thesis has identified two compounds that inhibit SG formation, 

RAD112 and psammaplysin F. The mechanism of action studies has revealed two 

different mechanisms of action for SG inhibition, microtubule inhibition and inhibition 

of p-eIF2α for RAD112 and psammaplysin F respectively. Combinational studies has 

resulted in synergistic interactions between RAD112 and bortezomib or sorafenib and 

psammaplysin F and bortezomib and sorafenib and increased efficacy of bortezomib 
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and sorafenib. These findings show promise as a new strategy in the battle against 

cancer and further studies involving the complete mechanism of action of these 

compounds have to be carried out before they can move onto pre-clinical evaluation. 
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1.1 Stress Granules 

Cells can reprogram translation in response to hormonal changes, cell cycle or environmental 

changes, however, environmental changes are unpredictable and the survival of a cell relies 

on its ability to respond rapidly and allow translation of a specific sub-set of proteins to 

survive the stress period (Kedersha et al., 2008).  Furthermore, chemotherapeutics have also 

been shown to cause a stress response (Zhang et al., 2017) suggesting that there may be a link 

to cell survival after exposure to chemotherapeutics. 

Stress granules (SGs) are ribonuceloprotein particles that are formed in the cytoplasm of 

eukaryotic cells (Kedersha et al., 2000) in response to stresses such as, heat, oxidative 

conditions, UV irradiation, hypoxia and viral infection (Kedersha et al., 2007). During 

cellular stress, housekeeping proteins are redirected from polysomes to SGs (Kedersha et al., 

2005; Matsuki et al., 2013) and cells allow expression of specific proteins requaired to 

survive the stress period such as heat shock proteins (Moeller et al., 2004).  

The assembly of SGs is initiated by the phosphorylation of eukaryotic initiation 2α (eIF2α) 

and this reduces the availability of the ternary complex, eIF2-GTP-tRNAi
Met (Gilks et al., 

2004; Kedersha et al., 2007; Kedersha et al., 2000; McInerney et al., 2005). The ternary 

complex loads the initiator tRNA onto the 40S ribosomal subunit in a GTP-dependent 

manner and interacts with other core translation initiation factors to form the 48S pre-

initiation complex (Gilks et al., 2004). This complex binds to the start codon and the 60S 

ribosomal subunit is recruited to form an 80S ribosome. Therefore, the phosphorylation of 

eIF2α results in the inhibition of translation initiation and subsequently the formation of SGs 

(Anderson et al., 2014; Gilks et al., 2004). Translation elongation is not affected when eIF2α 

is phosphorylated and ribosomes that are already engaged in translation “run off” the 

polysomes and form translationally stalled pre-initiation complexes that lack certain 

transcription factors (Figure 1.1) (Anderson et al., 2014). These complexes are core 

components of SGs, however, they cannot form SGs on their own as they need to recruit 

RNA-binding proteins such as T-cell-restricted intracellular antigen 1 (TIA1) and Ras 

GTPase-activating protein-binding protein 1 (G3BP1) which contain aggregation-prone 

domains to mediate SG assembly (Anderson et al., 2014; Hofmann et al., 2012).  RNA-

binding proteins shuttle between the nucleus and the cytoplasm and their relocation into the 

cytoplasm could be one mechanism by which SGs appear after stress (Bounedjah et al., 
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2014). Overexpression of TIA1 and G3BP1 can lead to the formation of SGs without any 

additional stimulus (Anderson et al., 2014; Bounedjah et al., 2014).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

RNA-binding proteins play a role in the formation of SGs, however, the suppression of 

translation and especially the dissociation of polysomes, are essential for the formation of 

SGs (Bounedjah et al., 2014). Polysome dissociation occurs very fast during stress as a result 

of the phosphorylation of eIF2α, therefore, an excess of mRNA could be a secondary event 

that recruits specific SG proteins (Bounedjah et al., 2014). To support this, it has been shown 

that puromycin unlocks ribosomes from mRNA and this favours SG formation, whereas 

cycloheximide keeps ribosomes on mRNA and blocks translation elongation, causing 

dissociation of SGs (Bounedjah et al., 2014; Mazroui et al., 2006).  

Figure 1.1.1. Formation of a SG and processing body. 
(Anderson et al., 2009). Received permission to reuse from Rightslink. Licence number: 4547391313844. 
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1.2 The eIF2α-independent formation of SGs 

The most common and critical step in the formation of SGs is the phosphorylation of serine 

51 on the alpha subunit of eIF2. However, it was discovered that there is an eIF2α-

independent pathway that results in the formation of SGs and compounds such as pateamine 

A, hippuristanol, hydrogen peroxide (H202), stress-induced tRNA derived RNAs and the anti-

inflammatory lipid mediator 15d-PGJ2, can all induce this pathway (Emara et al., 2012).  

Pateamine A, derived from the marine sponge Mycale sp., is a potent inhibitor of translation 

in mammalian cells and has antifungal and cytotoxic activity (Northcote et al., 1991). 

Pateamine A binds to eIF4A (Bordeleau et al., 2005; Low et al., 2005) and disrupts the 

eukaryotic initiation factor 4F (eIF4F) complex (containing eukaryotic initiation factor 4E  

(eIF4E), eukaryotic initiation factor 4G (eIF4G) and eukaryotic initiation factor 4A (eIF4A). 

This complex is responsible for recognising mRNA via the 5' cap and subsequently recruits 

mRNA to the 43S complex for the initiation of translation. Pateamine A disrupts this 

complex by initiating a stable interaction between eIF4A and eukaryotic initiation factor 4B 

(eIF4B) and decreases the interaction between eIF4A and eIF4G, resulting in the inability of 

the eIF4F complex to form. This results in stalling of the 48S complex and disruption of 

translation (Low et al., 2005). The disruption of the eIF4F complex by pateamine A occurred 

independently of the phosphorylation of eIF2α, but still resulted in the formation of SGs that 

were similar in composition to sodium arsenite (SA) induced SGs (Dang et al., 2006). 

Hippuristanol derived from the gorgonian Isis hippuris (Higa et al., 1981) also induces the 

formation of SGs and has the same mechanism of action as pateamine A as it binds to eIF4A 

and stimulates translation inhibition through the same pathway (Tsumuraya et al., 2011). 

H202 also causes the formation of SGs through the eIF2α-independent pathway; however, the 

phosphorylation of eIF2α still occurs. This is not detrimental to the formation of SGs under 

H202 stress, as replacing wild type eIF2α with a non-phosphorylable form did not inhibit the 

formation of SGs. Similar to pateamine A and hippuristanol, H202 also disrupted the eIF4F 

complex. However, instead of binding to eIF4A, H202 displaces eIF4G and eIF4A from eIF4E 

and promotes interactions between eIF4E and Eukaryotic translation initiation factor 4E-

binding protein 1 (4E-BP1) (Emara et al., 2012). When 4E-BP1 is hypophosphorylated it 

binds to eIF4G and causes inhibition of translation initiation and it was found that H202 stress 

in U2OS cells caused the decreased phosphorylation of 4E-BP1 and subsequent formation of 

SGs (Emara et al., 2012). 
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Under stress conditions, tRNA-derived stress induced RNAs (tiRNAs) are produced by 

Angiogenin (ANG)-mediated cleavage of tRNAs (Emara et al., 2010; Yamasaki et al., 2009). 

ANG is a ribonuclease that has cytoprotective and angiogenic activities and when secreted it 

enters cells via receptor-mediated endocytosis and translocates to the nucleus to promote 

RNA transcription and proliferation (Emara et al., 2010; Yamasaki et al., 2009). The 

expression of tiRNAs induces the formation of SGs in a phospho-eIF2α independent manner, 

as there was no change in the phosphorylation of eIF2α after treatment with tiRNAs when 

compared to cells treated with SA (Emara et al., 2010). 

The anti-inflammatory lipid mediator 15d-PGJ2 is produced in many cells and it has the 

ability to repress translation of pro-inflammatory mRNAs and can also block pro-

inflammatory responses such as the nuclear factor κβ (NF-κβ) signalling cascades (Kim et al., 

2007). It was found that exposure to 15d-PGJ2 inhibited translation and caused the formation 

of SGs, however, it was through an eIF2α-independent pathway. Like pateamine A and 

hippuristanol, 15d-PGJ2 also binds to eIF4A and disrupts the eIF4F complex and inhibits the 

interaction between eIF4A and eIF4G (Kim et al., 2007). 

1.3 Microtubules and SG formation 

Microtubules are important components of the cell cytoskeleton and are used for a variety of 

essential roles in the cell such as intracellular transport, cell division and maintenance of cell 

shape and polarity (Martel-Frachet et al., 2015). In addition, microtubules are important for 

the development of SGs as disruption of microtubules in CV-1 cells using a known 

microtubule inhibitor nocodazole, followed by stress using arsenite, resulted in the inhibition 

of SGs (Ivanov et al., 2003). Upon arsenite treatment, SGs move along microtubules and visit 

areas of the cytoplasm 4 times larger than itself presumably to gather the necessary 

components to develop into mature SGs (Chernov et al., 2009; Nadezhdina et al., 2010). SGs 

move along microtubules as a result of dynein-mediated transport (Loschi et al., 2009). 

Dyenin is a retrograde motor, that can facilitate cytoplasmic transport of RNPs in several cell 

types and organisms (Loschi et al., 2009). It was found that the dynein intermediate chain 

(DIC) and dynein heavy chain (DHC) – the motor subunit carrying the ATPase activity, were 

both co-localised into SGs (Loschi et al., 2009). 

In contrast to the report by Ivanov et al, studies by Fujimara et al and Kolobova et al, both 

reported the presence of small SGs after pre-treatment with nocodazole and subsequent 

treatment with arsenite (Fujimura et al., 2009; Kolobova et al., 2009). These small SGs did 
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not fuse with other components of SGs and their movement was restricted when compared to 

untreated cells (Kolobova et al., 2009). This effect may be a result of the different 

concentration of arsenite, or different cells used to study the microtubules, as Ivanov et al 

used CV-1 cells and Fujimara et al and Kolobova et al used HeLa cells. Once SGs are 

assembled, they do not need microtubules for their persistence (Fujimura et al., 2009; 

Nadezhdina et al., 2010), as treatment with nocodazole after arsenite treatment did not 

change the size, number or distribution of SGs (Fujimura et al., 2009). Therefore, 

microtubules are a requirement for SG formation and disruption of microtubules could 

provide a new strategy, or target, for cancer treatment. A novel approach in the treatment of 

cancer is to use natural products to target SG inhibition through microtubule disruption and 

treat these cells with chemotherapeutics to increase the efficacy of the chemotherapeutic. 

1.4 The four kinases involved in SG formation 

There are four kinases in mammalian cells that phosphorylate eIF2α; the endoplasmic 

reticulum-localised eIF2α kinase (PERK/PEK), which recognises ER stress, the mammalian 

homologue of yeast general general control nonderepressible 2 (GCN2), which recognises 

nutrient availability, the double-stranded RNA activated protein kinase (PKR), which 

recognises double-stranded RNA and the heme-regulated inhibitor (HRI) kinase, which 

recognises oxidative stress and heme deficiency (Anderson et al., 2009; McEwen et al., 2005; 

Reineke et al., 2012). These kinases share extensive homology in their kinase catalytic 

domain and they all phosphorylate eIF2α on serine 51 (Lu et al., 2001). These kinases 

contain specific characteristics that differ from other kinases such as an insert in between 

subdomains IV and V, which distinguish them from other serine/threonine kinases (Berlanga 

et al., 1999). This insert is essential for kinase function and varies in length between each 

eIF2 kinase; 15-30 amino acids in PKR and >200 in PERK (Bergan et al., 2008). 

The activation of PKR appears to be triggered by viral infection (Adjibade et al., 2015) and 

PKR can regulate cell fate decisions and innate immunity (Garcia et al., 2006; Reineke et al., 

2015). PKR is normally inactive. but upon binding to double stranded RNA (dsRNA), 

undergoes a conformational change that results in its activation (Zanabiab-Daryoush et al., 

2000). PKR has a kinase domain and two N-terminal dsRNA-binding domains (dsRBDs) that 

regulate its activity (Lu et al., 2001). Interestingly, the inhibition of translation as a result of 

eIF2α phosphorylation by PKR also inhibits viral mRNA translation (Garcia et al., 2006).  
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The activation of PERK is coupled with the dimerization of the kinase and regulatory 

domains (Dey et al., 2007). In the absence of stress to the endoplasmic reticulum (ER), it is 

thought that the ER chaperones prevent the dimerization of PERK. Under stress conditions, 

the accumulation of unfolded proteins are thought to interfere with the ability of the 

chaperones to bind to PERK, causing the dimerization and subsequently the activation of the 

kinase (Dey et al., 2007). PERK phosphorylates eIF2α in the integrated stress response but 

this kinase also has a role in the unfolded protein response. In this pathway, there are three 

ER-localised transmembrane sensors, ATF6, PERK and IREI that initiate a signalling 

cascade when there is an accumulation of unfolded proteins (Liu et al., 2013; Sidrauski et al., 

2015). Stress to the endoplasmic reticulum is usually a result of increased levels of reactive 

oxygen species (Liu et al., 2013). 

HRI is regulated by heme through the two heme binding domains in the kinase insert and the 

N-terminus domains. HRI can also be activated by SA in reticulocytes, as SA caused the 

hyperphosphorylation of HRI and subsequent phosphorylation of eIF2α (Lu et al., 2001). 

Under amino acid starvation conditions, there is an accumulation of uncharged tRNAs and 

these tRNAs bind to, and activate, GCN2 (Dey et al., 2007). GCN2 contains a kinase domain, 

a tRNA-binding domain and a C-terminal domain and when activated GCN2 is a dimer (Dey 

et al., 2007). In response to amino acid depravation, not all protein synthesis is inhibited in 

yeast as the GCN4 mRNA undergoes increased translation (Berlanga et al., 1999). GCN4 

mRNA encodes a transcriptional activator that is responsible for the activation of a large 

number of genes involved in the salvaging of nutrients and amino acid metabolism (Zaborske 

et al., 2009). The process is similar in mammalian cells, as there is a block in global 

translation and the increased translation of ATF4, a transcription factor related to Gcn4p 

(Zaborske et al., 2009). 

1.5 Ras-GAP SH3-domain binding protein 1 

G3BP1 was first identified by its co-immunoprecipitation with the SH3 domain of Ras-GAP, 

a key regulatory molecule in the signalling pathway downstream of ras (French et al., 2002; 

Parker et al., 1996). Subsequently, a homolog of G3BP was identified and named G3BP2 

(containing two distinct alternatively spliced gene products, G3BP2a and G3BP2b, Figure 

1.2). The family of proteins are highly conserved and contain five regions; the nuclear 

transport factor 2 (NTF2)-like domain, the PXXP or proline-rich motif, the acidic region and 

a bipartite RNA-binding region, which contains an RNA recognition motif (RRM) and an 
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arginine-glycine rich (RGG) box (Figure 1.2) (Kennedy et al., 2002; Matsuki et al., 2013). 

The NTF2 protein facilitates import of RanGDP into the nucleus and allows the maintenance 

of a Ran gradient across the nuclear membrane. This gradient allows for the uptake of cargo 

and release from transport receptors (Kennedy et al., 2002; Macara, 1999). The RRM region 

contains structural domains that are identified by two signature sequences, a hexapeptide and 

an octapeptide and these sequences contribute to a four beta strand sheet that provides a 

platform for aromatic side chains to interact with RNA targets (Nagai et al., 1995). The RGG 

domain consists of arginine-glycine-glycine repeats that form a flexible helical β spiral and 

residues scattered within the repeats are thought to be responsible for RNA interactions (as 

reviewed in (Kennedy et al., 2002). The acid-rich and RGG domains are considered auxiliary 

domains for RRM-type RNA-binding proteins. At least one RNA-binding motif and the 

NTF2-like domain are required for SG formation (Matsuki et al., 2013), which represents one 

of G3BP1s most significant biological activities. 

 

 

 

 

 

 

 

 

 

 

 

The presence of a NTF2-like domain in G3BP1 suggests that the proteins may shuttle 

between the cytoplasm and the nucleus and evidence for this was supported by protein 

interaction studies between G3BPs and Ran (Macara, 2001) and shuttling was confirmed in 

immunostaining of synchronised cells (Kennedy et al., 2002).  Furthermore, additional 

Figure 1.5.1. The structure of G3BP family of proteins. The insert explains the different 
domains within the family of G3BP proteins. 
(Irvine et al., 2004). Permission obtained from the corresponding author. 



8 
 

reports identify G3BP in the nucleus (Costa et al., 1999) and the cytoplasm (Alam et al., 

2019; Kennedy et al., 2001). 

1.5.1 Overexpression of G3BP1 

In a study by Guitard et al, G3BP1 was shown to be overexpressed in many cancer cell lines 

such as MCF7, T47D and HeLa cells when compared to a normal cell line (HEK293) (French 

et al., 2002; Guitard et al., 2001). It was discovered that the expression of G3BP in tumour 

cells is at least 5-10 fold higher than normal cells (French et al., 2002; Guitard et al., 2001). 

The amount of G3BP expression was also analysed in head and neck tumours using a sample 

of healthy tissue from the uvula as a control (French et al., 2002). The overexpression of 

G3BP was seen in all samples when compared to the healthy tissue.  

1.6 Ras-GAP SH3-domain binding protein 2 (G3BP2)  

G3BP2, a paralog of G3BP1, is encoded by a distinct gene on human chromosome 4 and 

mouse chromosome 5 (Irvine et al., 2004; Kennedy et al., 2001). G3BP2b is a splice isoform 

of G3BP2a and it lacks 33 amino acids in the central region (Figure 1.2). G3BP2a is a 

cytoplasmic protein, however, it may have the ability to enter the nucleus as it contains a 

NTF2-like domain which is responsible for the nuclear localisation of other proteins (Macara, 

2001). Furthermore, G3BPs have been reported to interact with Ran (Macara, 2001), which is 

suggestive of shuttling through the nuclear pore. 

A study by Prigent et al discovered a 62-kb protein, G3BP2, which interacted with inhibitory 

kappa beta alpha BαIκBα in vitro. The NFκB transcription factor has an important role in the 

inducible expression of genes that are involved in anti-apoptotic, inflammatory and immune 

responses (Prigent et al., 2000). Each member of the NFκB family has a Rel domain that is 

responsible for dimerisation, nuclear translocation and sequence specific DNA binding 

(Prigent et al., 2000). When NFκB is inactive it is retained in the cytoplasm and bound to an 

inhibitor protein IκBα and members of the IκBα family contain multiple conserved ankryin 

repeat domains that interact with NFκB (Prigent et al., 2000). IκBα interacts with NFκB and 

masks its nuclear localisation sequence, stopping the protein from entering the nucleus. IκBα 

also has the ability to dissociate NFκB from DNA and transport it back to the cytoplasm. The 

phosphorylation of IκBα by two IκBα kinases results in its polyubiquitination and subsequent 

degradation by the 26S proteasome, therefore allowing NFκB to enter the nucleus and 

activate the required genes (Prigent et al., 2000). 
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To determine how G3BP2 interacts with IκBα, a series of mutants of G3BP2 tagged with 

GFP were made. It was found that tagging the RNA-binding domain, the NTF2-like domain 

or both together did not affect the ability of G3BP2 to interact with IκBα indicating that these 

domains are not required for the interaction (Prigent et al., 2000). The acid-rich domain of 

G3BP2 was fused with GFP and it was found that this facilitated interaction with IκBα 

suggesting that the acid-rich domain interacts with IκBα (Prigent et al., 2000). The PXXP 

domain and the RNA-binding motif were unable to co-precipitate with IκBα when fused with 

GFP, however, when both of these domains were fused to GFP, an interaction with IκBα was 

seen (Prigent et al., 2000). Therefore, this suggests that there is an additional binding site 

present in these domains (Prigent et al., 2000). 

To determine if G3BP2 participates in the cytoplasmic retention of IκBα, fusion proteins 

containing GFP, wild type or deletion mutants of G3BP2 were analysed using direct GFP 

fluorescence and confocal microscopy. G3BP2 fused to GFP was expressed throughout the 

cytoplasm, and at the nuclear envelope, and this localisation was unaffected after treatment 

with leptomycin B. This indicates that CRM1-mediated nuclear export is not involved in 

G3BP2 distribution (Prigent et al., 2000). The same distribution was observed in the mutant 

lacking the RNA-binding domain, with a small fraction present in the nucleus. However, 

mutants lacking the NTF2-like domain displayed a cytoplasmic distribution and were not 

seen at the nuclear envelope and mutants lacking both the NTF2-like domain and the RNA-

binding domain were distributed throughout the cytoplasm and the nucleus, excluding the 

nucleoli (Prigent et al., 2000). Therefore, it appears that the NTF2-like and RNA-binding 

domains, have the ability to localise G3BP2 throughout the cytoplasm and at the nuclear 

envelope 

To confirm that G3BP2 participates in the cytoplasmic retention of IκBα, G3BP2 was 

overexpressed and the intracellular localisation of IκBα was examined. As transfection of 

HeLa cells did not lead to an overexpression of endogenous protein, HeLa cells were infected 

with a T7 recombinant virus prior to transfection with cDNAs encoding for G3BP2 or IκBα.  

IκBα was mainly found in the nucleus and the overexpression of G3BP2 led to a decrease in 

the amount of IκBα in the nucleus and an increase of IκBα in the cytoplasm (Prigent et al., 

2000). The interaction of G3BP2a with IκBα and the retention of this protein in the 

cytoplasm is interesting, as it suggests that G3BP2a has a role in the regulation of NF-κB 

signalling. This is important, as NF-κB induces expression of anti-apoptotic genes, which 

could allow cancer cells to resist apoptosis after treatment with chemotherapeutics. 
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1.6.1 Overexpression of G3BP2 

In a study by French et al, 58 breast tumours were examined for altered G3BP2 expression. It 

was found that there was no detectable expression of G3BP2 in normal lobes of the breast, 

but there was higher expression of G3BP2 in ductal carcinomas (Figure 1.2.1.1) (French et 

al., 2002). 

1.7 Multiple stresses and their influence on SGs 

There are a variety of stresses that can cause the formation of SGs such as heat shock, SA, 

H202 and hypoxia (Takahashi et al., 2013). SA, a pharmacological activator of HRI, induces 

the phosphorylation of eIF2α and subsequently the formation of SGs (Ghisolfi et al., 2012) 

by oxidative stress and the formation of reactive oxygen species (Ruiz-Ramos et al., 2009).  

Hypoxia is a cellular stress that is common in cancer, and other pathological disorders, and 

can have multiple effects on processes throughout the cell, such as metabolism, proliferation 

and SG formation (Gardner, 2008). It has been found that hypoxic MEF cells can form SGs 

by activation of PERK and subsequent phosphorylation of eIF2α (Gardner, 2008). Heat shock 

can also cause the formation of SGs and heat shock treatment of Trypanosoma brucei at 41°C 

resulted in the formation of granules that contained components of mammalian SGs, such as 

poly-A binding protein and translation initiation factors eIF4E1-4 (Kramer et al., 2008). 

Residue Thr169 of eIF2A in T. brucei is equivalent to S51 of eIF2α in mammalian cells. It 

was found that the formation of heat shock granules was independent of the phosphorylation 

of eIF2A as Thr169 was not phosphorylated in T. brucei under heat shock conditions 

(Kramer et al., 2008). 

H202 induces the formation of reactive oxygen species and this causes the formation of SGs. 

H202 inhibits protein synthesis at the level of translation initiation it is likely that the SGs 

formed from H202 stress is a result of the targeting of the translation machinery. H202 targets 

the translational machinery by disrupting the eIF4F complex. H202 displaces eIF4G and 

eIF4A from eIF4E, and promotes interactions between 4E-BP1 and eIF4E to inhibit 

translation initiation (Emara et al., 2012). It was found that under H202 conditions SGs could 

form in wild-type cells, as well as in cells lacking the ability to phosphorylate eIF2α (Emara 

et al., 2012).  

Viral infection can also cause the formation of SGs. Infection with respiratory syncytial virus 

(RSV), activates PKR as a response to the double stranded RNA present during viral 
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infections. As PKR is one of the four kinases that regulate the phosphorylation of eIF2α, its 

activation results in the host cell forming SGs (Lindquist et al., 2011). Some viruses can 

hijack SGs in order to divert the translational machinery towards viral mRNAs (Ruiz-Ramos 

et al., 2009). 

1.8 Blocking G3BP1 inhibits SG formation 

It was found that the blocking of G3BP1 prevents the formation of SGs. In a study by Hinton 

et al the pseudophosphatase MK-STYX [MAPK (mitogen-activated protein kinase)-STYX] 

binds to G3BP and inhibits the formation of SGs. The pseudophosphatase STYX is 

catalytically inactive, as it has a glycine residue instead of the active cysteine residue and 

MK-STYX lacks the cysteine residue and adjacent residues from the PTP signature motif 

(Hinton et al., 2010). To determine if MK-STYX inhibited the formation of SGs, Hela cells 

with MK-STYX and without were treated with SA. It was found that exposing the non-

transfected Hela cells to arsenite induced SG formation in approximately 60% of cells, 

however, in transfected Hela cells a dramatic decrease in SG formation was observed, with 

approximately only 18% of cells forming SGs. In general, the mechanisms used to date to 

disrupt SG formation have focussed on disrupting cellular pathways that initiate their 

formation, this has included technologies such as gene manipulation (Fournier et al., 2010) or 

introducing recombinant proteins to the cells (Hinton et al., 2010). However, the discovery of 

natural products or compounds that interact with components of SGs and inhibit their 

formation, would allow research into the biological roles of SGs to be advanced significantly.  

1.9 SGs and Drug Resistance 

Cancer cells adopt a variety of approaches to evade the effects of chemotherapeutic drugs, 

such as overexpression of detoxifying systems, inhibition of enzymes that convert cytotoxic 

drugs to their active derivatives, upregulation of anti-apoptotic proteins, such as Bcl-2 and 

Bcl-XL, and decreased expression of the uptake transporters or enhanced efflux of the drugs 

(Yague et al., 2010). Multidrug resistance (MDR) is one type of resistance that is 

problematic. Cancer cells that are MDR are resistant not only to a specific class and structure 

of chemotherapeutic, but are also resistant to multiple structurally and mechanistically 

distinct classes of chemotherapeutic compounds (Eid et al., 2012; Kathawala et al., 2014). 

One mediator of MDR in cancer cells is a family of transmembrane transporters known as 

ATP-Binding Cassette (ABC) transporters. 
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The ABCG2 transporter is a mediator of MDR in colon, breast, small cell lung, ovarian, 

gastric and intestinal cancers and is known as a half transporter. This transporter effluxes or 

excludes molecules from the cancer cell that have amphiphilic characteristics and substrates 

including sulphated hormone metabolites, mitoxantrone, irinotecan, methotrexate and 

topotecan (Kathawala et al., 2014). Mutations in the ABCG2 gene at position 482 produce 

mutants that lose their substrate specificity, as it changes the conformational shape of the 

transporter, altering the drug binding and efflux functions. This mutation allows drugs such 

as daunorubicin to bind to the transporter and be transported into the cancer cell (Kathawala 

et al., 2014).  

Another ABC transporter, ABCC1, also called multidrug resistance-associated protein 1 

(MRP1), was first discovered in 1992 by Cole, in a doxorubicin-resistant lung cancer cell line 

(Cole et al., 1992). There are 13 MRPs and MRPs 1-9 have two transmembrane domains and 

two cytoplasmic nucleotide-binding domains. MRPs can be characterised by either presenting 

a third NH2-terminal membrane-spanning domain, or the absence of this domain in their 

structures (Sun et al., 2012). This feature is present in MRPs 1-4, 6 and 7. MRPs confer 

resistance to anticancer drugs by using their lipophilic anion pumps and are located in the 

membrane of the kidney, liver, intestine, the blood-brain barrier and other biological barriers 

(Sun et al., 2012). MRP1 plays an important role in the mediation of concentrations of 

exogenous and endogenous substances in the cytoplasm, resulting in the influence of the 

pharmacokinetic profile of a variety of drugs (Sun et al., 2012). In many MDR human cancer 

cell lines, MRP1 is overexpressed and has a broad range of substrate selectivity that allows 

the cells to be resistant to camptothecins, epipodophyllotoxins, anthracyclines and vinca 

alkaloids (Sun et al., 2012). 

There are several factors that induce MDR in tumours and one factor is hypoxia (Binkhathlan 

et al., 2013). Hypoxia is common in solid tumours and has been linked to drug resistance, 

metastatic potential and an increase in the expression of the transporter protein, P-

glycoprotein (P-gp) (Binkhathlan et al., 2013). P-gp is a member of the ABC transporter 

family and was first discovered in 1976 by Juliano and Ling as a surface glycoprotein in 

drug-resistant Chinese hamster ovary cells. P-gp is made of two nucleotide-binding domains, 

and 12 hydrophobic transmembrane domains, and one of the nucleotide-binding domains 

connects two transmembrane domains with a hydrophilic nucleotide-binding domain loop. 

The nucleotide-binding domains are responsible for substrate transport via ATP binding and 

hydrolysis, and the transmembrane domains are responsible for determining the features of 
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the substrates (Sun et al., 2012).  P-gp is expressed in normal tissues such as the liver, 

pancreas, intestine, kidneys, adrenal gland and the placenta, where it functions to excrete 

toxic metabolites (Sun et al., 2012). It is also present in a variety of blood and solid cancer 

cells that have developed drug resistance, resulting in the failure of chemotherapy. In a study 

by Peng et al, it was found that P-gp was overexpressed in an imatinib-resistant chronic 

myelogenous leukemia cell line, K562 (Peng et al., 2012). The mRNA levels of P-gp were 

shown to be significantly increased in the resistant cell line when compared to the normal cell 

line. This indicates that resistant cell lines can control expression of mRNAs encoding 

proteins that help the cell to survive exposure to chemotherapeutics, such as P-gp. 

The mRNA composition of SGs is selective and SGs can exclude mRNAs that will drive the 

recovery from stress, such as heat shock proteins (Takahashi et al., 2013) and ABC 

transporters such as P-gp (Yague et al., 2010). In a study by Unsworth, it was discovered that 

MDR1 mRNA, which encodes P-gp, did not co-localise with SGs under stress conditions in 

NCI/ADR-RES cells, (Unsworth et al., 2012; Yague et al., 2010) which may result in the 

increased expression of P-gp during stress conditions. The upregulation of P-gp during stress 

conditions, which may include chemotherapeutic treatment, could provide a pathway in 

which cancer cells acquire drug resistance and survival during chemotherapeutic treatments. 

1.10 ABC Transport Inhibitors 

In a study by Eid et al, it was found that a range of carotenoids reversed MDR in cancer cells 

(Eid et al., 2012). The accumulation of MDR/P-gp substrates such as Rho123, doxorubicin 

and calcein were examined in Caco-2 and CEM/AR5000 cells in the absence or presence of 

carotenoids such as fucoxanthin, canthaxanthin and the known competitive inhibitor 

verapamil (Eid et al., 2012). It was found that fucoxanthin and canthaxanthin had a 3-5 times 

higher retention of the fluorescent probes than verapamil at concentrations between 50 and 

100µM. To determine if these carotenoids enhanced the cytotoxicity of chemotherapeutic 

drugs and reversed the effects of MDR, they were used at a non-toxic concentrations in Caco-

2 cells. It was found that fucoxanthin was the most effective reversal agent as it significantly 

enhanced the cytotoxicity of eight chemotherapeutics (Eid et al., 2012). Canthaxanthin also 

stimulated a significant increase in the cytotoxicity of the chemotherapeutics, particularly 5-

Flurouracil (5-FU) and etoposide. The mRNA expression of P-gp was examined in Caco-2 

cells to determine if carotenoids could modulate the expression of P-gp and it was found that 

they significantly decreased the levels of P-gp (Eid et al., 2012). Therefore, by using 
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carotenoids such as fucoxanthin and canthaxanthin in combination with chemotherapeutics, 

the cytotoxicity of the chemotherapeutic drugs was increased and the effect of MDR was seen 

to be reversed. Human MRP1 and 2 have both been implicated in MDR in malignant tumour 

cells and  play an important part in the secretory and transport functions in epithelial cells 

(Bakos et al., 2000).  

Therefore, MDR in cancer cells can be reversed by using carotenoids that can decrease the 

expression of P-gp and increase the efficacy of chemotherapeutics in MDR cells. SGs can be 

formed in response to chemotherapeutic treatment and SGs can regulate the expression of 

proteins to survive the stress. Therefore, disruption of SGs using natural products, may limit 

the ability of cancer cells to regulate expression of proteins such as P-gp and increase the 

efficacy of the chemotherapeutic. The effect of known chemotherapeutics, such as 

bortezomib, 5-FU, paclitaxel and sorafenib on SG formation, will be discussed in the 

following sections.  

1.11 Bortezomib and SGs 

The formation of SGs can lead to the development of resistance to chemotherapeutics. A 

study by Fournier et al revealed that exposing HeLa cells to bortezomib resulted in the 

formation of SGs (Fournier et al 2010). Similar results were obtained for other cancer cells 

such as lung cancer and colon cancer. However, breast cancer cells failed to form SGs in 

response to bortezomib. Bortezomib contains a dipeptidyl boronic acid that reversibly binds 

to the chymotrypsin-like subunit of the proteasome (Accardi et al., 2015). The 26S 

proteasome plays a role in regulating protein degradation; proteins that are no longer required 

for use, are tagged with ubiquitin, directing them to the proteasome (Field-Smith et al., 

2006). This causes the degradation of these proteins and without this pathway, there would be 

an abundance of stimulatory and inhibitory proteins of the cell cycle, resulting in cell death 

(Field-Smith et al., 2006). Bortezomib has specific effects in multiple myeloma such as 

inhibiting the breakdown of IκB and this causes the stabilisation of NFκB causing the 

activation of specific cell signalling pathways important for multiple myeloma survival 

(Field-Smith et al., 2006). Other specific effects include inhibition of DNA repair, 

impairment of osteoclast activity and inhibition of angiogenesis (Field-Smith et al., 2006). 

Prolonged exposure in HeLa cells to bortezomib (10hrs) resulted in the disassembly of SGs 

and translational initiation, without an increase in apoptosis or activation of caspase-3, 

suggesting that these cells are now resistant to bortezomib (Fournier et al., 2010). HRI was 
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knocked down in HeLa cells to determine if phosphorylation of eIF2α occurs. The 

phosphorylation of eIF2α is one of the mechanisms resulting in the formation of SGs and 

HRI phosphorylates this protein. HeLa cells were treated with bortezomib for 4hrs and less 

than 1% of the HRI knocked down cells displayed SGs (Fournier et al., 2010). 

To determine if knock down of  HRI in HeLa cells made them more susceptible to apoptosis 

by Bortezomib, HeLa cells treated with either control siRNA or anti-HRI-1 siRNA and 

subsequently exposed to bortezomib for 10 and 24hrs and apoptosis was assessed by annexin 

V staining (Fournier et al., 2010). It was found that HRI depletion induced a high percentage 

of cell death after bortezomib treatment when compared to the control. Therefore, by 

inhibiting the formation of SGs in cancer cells, there is a possibility that the percentage of 

cells undergoing apoptosis after treatment with a cytotoxic compound could increase 

compared to cancer cells that do not have the inhibition of SG formation. Furthermore, 

compounds that blocks SG formation would have the ability to be used in combination with a 

current chemotherapeutic for breast cancer and potentially reduce the dosage of the 

chemotherapeutic, resulting in fewer side effects. 

1.12 5-FU and SGs 

5-FU is widely used to treat a variety of cancers such as breast, head and neck and colorectal 

cancers (Kaehler et al., 2014). Initially, 5-FU was developed to interfere with the enzyme 

thymidylate synthase, but the incorporation of 5-FU metabolites into DNA and RNA 

significantly contributes to the drugs cytotoxicity (Kaehler et al., 2014). The incorporation of 

the 5-FU metabolite fluoruridine triphosphate (FUTP) into RNA, results in dysfunction of 

RNA metabolism and the metabolite flurodeoxyuridine triphosphate (FdUTP) into DNA 

leads to DNA strand breaks and apoptosis (Kaehler et al., 2014). It was discovered that the 

incorporation of FUTP into RNA was significantly higher than the incorporation of FdUTP 

into DNA and this was the major factor of the cytotoxicity of 5FU (Kaehler et al., 2014; Kufe 

et al., 1981).  

PKR, a double-stranded-RNA-dependent kinase, has been identified as one of the targets of 

5-FU. This results in the phosphorylation of eIF2α and promotes apoptosis. However, it also 

promotes cytoprotection, as the phosphorylation of eIF2α also causes the cell to activate 

survival pathways, such as the formation of SGs (Kaehler et al., 2014).  
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In many human pathologies, cells encounter cellular stress. Therefore, Kaehler et al., 

investigated whether 5-FU treatment has an effect on SG assembly under stress conditions 

and found that HeLa cells treated with 5-FU and arsenite exhibited higher concentrations of 

SGs than the controls and the morphology of the SGs were altered. Therefore, 5-FU induces 

the formation of SGs and when the cell is exposed to stress, alters the morphology of the 

SGs. 

The sequestration of Receptor for Activated C Kinase 1 (RACK1) into SGs is one mechanism 

that cells utilise to assist in developing resistance to chemotherapeutic-mediated apoptosis. 

This sequestration results in p38 and c-Jun N-terminal kinase (JNK) not being activated, and 

as a consequence, apoptosis is supressed. To determine if 5-FU causes the sequestration of 

RACK1 into SGs, Kaehler et al investigated whether 5-FU-induced SGs contained RACK1 

and found distinct RACK1-positive foci in 5FU treated cells. The cells treated with 5-FU 

were also allowed to recover and it was discovered that RACK1-positive SGs were still 

detectable after 72hrs. This is interesting, as normal SG disassembly usually occurs within 

90-120 mins after the removal of stress (Kaehler et al., 2014). Therefore, 5-FU results in the 

sequestration of RACK1 into SGs and alters the rate of disassembly of SGs after the stress 

has been removed. 

5-FU causes the formation of SGs and results in the sequestration of RACK1 into SGs and 

the subsequent suppression of apoptosis. The observations described above provide 

preliminary evidence that SGs are implicated in drug resistance. Therefore, one of the aims of 

my project is to inhibit the formation of SGs by using natural products and using these 

compounds in combination with a chemotherapeutic to restore wild-type cytotoxicity to cells 

One of the goals of the project is to reduce the concentration of the chemotherapeutic used in 

a therapeutic regime, thus reducing the side effects and achieve the same, or higher, 

percentage of cancer-cell death when compared to the chemotherapeutic agent alone. 

1.13 Paclitaxel and SGs 

The family of taxanes, to which the famous plant natural product paclitaxel (TaxolTM) 

belongs, promotes the polymerisation of tubulin in vitro and at high concentrations they 

enhance the amount of polymerised tubulin and therefore are referred to as microtubule 

stabilising agents (Alexandre et al., 2006; Impens et al., 2008; Ivanov et al., 2003). The 

potent activity of paclitaxel is due to the stabilisation of microtubule dynamics resulting in 
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the failure of mitosis and subsequently, cell death (Alexandre et al., 2006; Alexandre et al., 

2007). 

Paclitaxel is able to induce early reactive oxygen species (ROS) production in cancer cells, 

however, the mechanism behind this remains unclear (Alexandre et al., 2007). The levels of 

intracellular ROS were examined in MCF7 cells after treatment with paclitaxel, however 

there was no increase in intracellular superoxide (O2
-), but an increase in extracellular O2

- and 

H2O2 (Alexandre et al., 2007).  

H2O2 was found to induce the formation of SGs in U2OS cells and the SGs were decreased 

after 4 hrs, indicating that H2O2 induces SGs in a dose-dependent manner (Emara et al., 

2012). It was found that ROS caused by treatment with H2O2, was responsible for the 

formation of SGs, as treatment of U2OS cells with N-acetyl-L-cysteine, a ROS scavenger, 

resulted in significant inhibition of SG assembly (Emara et al., 2012). This suggests that the 

generation of ROS, as a result of H2O2 treatment, is responsible for SG assembly. Therefore, 

as paclitaxel generates H2O2, this is a potential mechanism behind how SGs are formed in 

response to paclitaxel.  

1.14 Sorafenib and SGs 

Sorafenib is a multikinase inhibitor used for the treatment of hepatocellular carcinoma 

(Adjibade et al., 2015) and renal cell carcinoma (Fumarola et al., 2013). Sorafenib was 

originally identified as a Raf kinase inhibitor, however, it has been discovered that it has 

multiple kinase targets such as the proangiogenic vascular endothelial growth factor receptor 

1, 2 and 3 and platelet-derived growth factor receptor-β tyrosine kinases in vitro (Wilhelm et 

al., 2008). Sorafenib has also been shown to diminish MEK/extracellular signal-regulated 

kinase activation in various tumor cell lines and can induce apoptosis through the inhibition 

of the phosphorylation of eIF4E, which is responsible for translational regulation of mRNAs 

such as anti-apoptotic Mcl-1 from the Bcl-2 family of proteins (Wilhelm et al., 2008). 

Sorafenib can also induce the expression of SGs in several cell lines, including MCF7 and 

HeLa cells, through endoplasmic reticulum stress. Sorafenib treatment resulted in the 

increased expression of IRE1, an endoplasmatic reticulum (ER) stress sensor, which activates 

the unfolded protein response and subsequent cell survival pathways (Zhou et al., 2015).  ER 

stress caused by sorafenib treatment leads to the activation of PERK, phosphorylation of 

eIF2α and formation of SGs (Adjibade et al., 2015; Rahmani et al., 2007).  
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1.15 SGs and Resistance to Apoptosis 

Mitogen-activated protein kinase kinase kinase 4 (also known as MTK1) is a major mediator 

of stress induced apoptosis (Arimoto et al., 2008) and is a part of the stress-responsive 

mitogen-activated protein kinase (MAPK) signalling pathway. Its core is comprised of three 

protein kinases, MAPKKK, MAPKK and MAPK. However, there are many MAPKKKs that 

are involved in the stress response such as TAK1, ASK1, MLKs, MTK1 and MEKK1-3, that 

allow the cells to respond to stimuli (Arimoto et al., 2008). In cells not exposed to stresses, 

MTK1 is kept inactive through an auto-inhibitory interaction between the carboxy-terminal 

kinase domain and the amino-terminal regulatory domain (Arimoto et al., 2008; Mita et al., 

2002). The sequestration and inactivation of pro-apoptotic factors such as TNF receptor-

associated factor 2 (TNF) and RACK1 in SGs appears to be one mechanism for the resistance 

of tumours to apoptosis (Gareau et al., 2011). 

 RACK1 binding is essential to the activation of MTK1, which induces apoptosis through 

downstream kinases, such as p38 and c-Jun N-terminal kinase (JNK) (Gandin et al., 2013). 

RACK1 is able to inhibit apoptosis by associating with SGs and is therefore unable to interact 

with MTK1 and, as a consequence, inhibits the MTK1-dependent stress response (Gandin et 

al., 2013). The two families of stress-responsive MAPKs, p38 and JNK are activated by 

cellular stress, such as oxidative stress, translation inhibitors and UV irradiation (Mita et al., 

2002). Therefore, by blocking the formation of SGs RACK1 is able to activate MTK1 and 

allow for the initiation of apoptosis in cancer cells. 

1.16 SGs and Cancer Progression 

In 2015 Somasekharan et al investigated whether SG assembly was linked to cancer 

progression by testing a G3BP1 knock down (kd) tumour system in vivo. They implanted 

MNNG cells with or without G3BP1 kd under the renal capsule in mice and monitored the in 

vivo SG formation, local invasion and metastasis to the lungs (Somasekharan et al., 2015). 

The amount of SGs formed in vivo in the knock down cells was significantly reduced when 

compared to the control.  They found that there was a high level of invasive local growth into 

the adjacent normal kidney in the control tumour and this local growth was dramatically 

reduced in the G3BP1 kd tumour. Evidence of a benign growth was present in the knock 

down tumour as the boundary of the tumour was ‘pushing’ against the border of the normal 

tissue but did not penetrate into the normal kidney (Somasekharan et al., 2015). Differences 

in cell migration or invasion between the two groups in vitro were not detected, suggesting 
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that the effect of SGs on motility is an in vivo characteristic (Somasekharan et al., 2015). 

There was also a significant increase in the amount of necrosis in the G3BP1 knock down 

tumour compared to the control. Additionally, the control tumour exhibited metastasis to the 

lungs within the 4-5 week timeframe, before the mice were euthenised, whereas knocking 

down of G3BP1 completely blocked metastasis to the lungs (Somasekharan et al., 2015).  

Importantly, there was no difference in proliferation rates between the two groups tested by 

expression of the proliferation marker, Ki67. Therefore, the knock down of G3BP1 and the 

associated inhibition of the formation of SGs, not only makes cells more susceptible to 

chemotherapeutics, it also prevents the cells from invading normal tissue and metastasising 

and increases the amount of necrosis in tumours. 

1.17 Natural Products 

Natural products have been used for decades in the treatment of cancer (Demain et al., 2011), 

with 60% of current anticancer drugs derived from natural sources (Cragg et al., 2009). 

Natural products are derived from terrestrial and marine environments, such as plants and 

microbes (Demain et al., 2011), and they include small secondary metabolites with structural 

diversity that contribute to the organisms survival (Basmadjian et al., 2014).  They are 

tailored to protein binding and have evolved to bind to biological targets (Basmadjian et al., 

2014).  

Paclitaxel (Figure 1.7.1), which was discussed above, was first isolated from the bark of the 

Pacific Yew tree and is used in the treatment of breast, ovarian and non-small cell lung 

cancer (Cragg et al., 2009). Paclitaxel promotes the polymerisation of tubulin heterodimers to 

microtubules, causing mitotic arrest (Cragg et al., 2015). Paclitaxel was the first microtubule 

stabilising agent to be discovered and early tests found antitumour and antileukemic 

properties (Zhao et al., 2015). This diterpenoid was approved by the Food and Drug 

Administration in 1992 for the clinical treatment of metastatic ovarian cancer. Since its 

approval, this plant-derived drug has become the most important chemotherapeutic in first 

line treatment of solid tumour malignancies (Zhao et al., 2015). A variety of other 

compounds belonging to this particular structure class (i.e. the taxanes) have been semi-

synthesised or isolated and several other analogues have become commercial drugs such as 

docetaxel and cabazitaxel (as reviewed in (Crown et al., 2000)) (Vrignaud et al., 2013). 
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Some of the chemotherapeutics used to treat tumours are microbially produced antibiotics or 

their derivatives, with the earliest application of a microbial product being actinomycin D 

(Figure 1.7.2) for Wilm’s tumour in children and produced a 90% survival rate against stage I 

or II Wilm’s tumour  (Demain et al., 2011). Actinomycin D is from the class actinomycins, 

which are a family of chromopeptide lactone antibiotics (Hamza et al., 2014). Despite this 

class being discovered more than 70 years ago it undergoes continuing research, especially in 

the biological and medical fields. Among all the actinomycin derivatives identified to date, 

actinomycin D has been the most studied and is produced by a range of Streptomyces species 

(Hamza et al., 2014). 

 

 

 

 

 

 

 

Anthracyclines are some of the most well-known antitumour agents from nature; they include 

drugs such as doxorubicin and daunorubicin (Demain et al., 2011). Doxorubicin (Figure 

1.7.3) was first isolated from Streptomyces peucetius in 1967 (Fujiii et al., 1997) and is being 

used today for the treatment of solid tumours such as breast, bile duct, osteosarcomas, the 

oesophagus and liver and endometrial tissue (Gewirtz, 1999; Tanaka et al., 2012). 

Doxorubicin intercalates into the DNA and inhibits DNA polymerase, RNA polymerase and 

Figure 1.7.1. The structure of Paclitaxel.  

Figure 1.7.2. Structure of Actinomycin D.  
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topoisomerase II reactions, which results in the suppression of DNA and RNA biosynthesis, 

thus exhibiting antitumour properties (Tanaka et al., 2012). Daunorubicin is also isolated 

from Streptomyces peucetius (Shrestha et al., 2019) and is used primarily to treat acute 

myeloid leukemia and has anti-cancer activity similar to the effects of doxorubicin (Alves et 

al., 2017; Gewirtz, 1999). Therefore, the use of natural products for drug discovery has great 

potential in supplying a range of structurally diverse compounds that could target multiple 

sites within cells. This diverse range of chemical structures may lead to identifying 

compounds capable of inhibiting SG formation and re-sensitising MDR cells to the effects of 

chemotherapeutics as a consequence of SG inhibition. 

 

 

 

 

 

 

1.18 Combinational/Adjuvant Therapies 

Cancer is a leading cause of death in both developed and developing countries (Eisa et al., 

2015). Treatment for cancer includes chemotherapy, but its use is not without side effects to 

patients as it affects normal healthy cells, not just cancer cells. MDR is a major problem 

arising from the use of chemotherapeutics (Eisa et al., 2015) and as a result, a vast amount of 

research has gone into the addition of adjuvant drugs to standard chemotherapy treatments, to 

increase the efficacy of chemotherapeutics, to reduce harsh side effects and to sidestep the 

MDR problem. Combination therapies are often more effective than single agent 

chemotherapy (Buzdar et al., 2005), as several studies have found benefits to using multiple 

drugs over one chemotherapeutic and some of these will be discussed below. 

In one trial, Eisa et al tested whether phenethyl isothiocyanate (PEITC) potentiates the anti-

tumour effect of doxorubicin. It was found that treatment with PEITC and doxorubicin alone 

resulted in a significant reduction in tumour size by 71.7 and 70.6% respectively, when 

compared to control tumours (Eisa et al., 2015). When PEITC and doxorubicin were 

Figure 1.7.3. Structure of Doxorubicin.  
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combined there was a significant tumour growth reduction of 90.7%, and a significant 

difference was found between the combination treatment of PEITC or doxorubicin alone. The 

survival time of the mice was also increased as PEITC treated mice had an increased survival 

time from 17 days to 51.33 days and the doxorubicin treated mice an increased survival time 

from 17 days to 52.33 days when compared to non-treated mice. The mice treated with the 

combination therapy had a survival increase from 17 days to 58.33 days. Therefore, treating 

tumours with these combinational therapies significantly increases survival rate and inhibits 

tumour growth. 

Another combinational study of note was performed to determine if adding paclitaxel into a 

standard chemotherapy regime for breast cancer would increase patient survival and prolong 

the time to reoccurrence. The standard chemotherapy regime they chose was four cycles of 

cyclophosphamide plus doxorubicin (AC) (Henderson, 2003). The addition of paclitaxel to 

the AC combination led to a reduction of the 1 year probability of recurrence from 7.9% for 

AC to 4.6% for CA plus paclitaxel and death was reduced by 18% in the AC plus paclitaxel 

group compared with the group just receiving AC (Henderson, 2003). 

Another trial was performed by Bachelot et al to determine if adding everolimus to tamoxifen 

would increase the overall survival of patients with estrogen receptor positive breast cancer. 

The clinical benefit rate at 6 months in the group who received tamoxifen plus everolimus 

was 61%, versus 42% in the tamoxifen only group (Bachelot et al., 2012). The median time 

to progression increased from 4.5 months in the tamoxifen only group to 8.6 months in the 

tamoxifen plus everolimus group and this difference corresponded with a 46% reduction in 

the risk of progression associated with tamoxifen plus everolimus (Bachelot et al., 2012). 

Therefore, treating patients with combinational therapy instead of a single chemotherapy 

regime often results in an increase in patient survival and an increase in the time before a 

reoccurrence. 

Based on the results of combinational therapy trials discussed above, there is justification to 

explore novel therapeutic strategies that enhance the efficacy of chemotherapeutics. This does 

not necessarily imply that only chemotherapeutics with known cytotoxic activities can be 

tested in combination. An approach that uses chemotherapeutics in combination with other 

drugs that block different pathways that the cancer cells are dependent upon is also a rational 

approach. This project will explore the possibility of blocking the formation of SGs in cells 

treated with chemotherapeutics with a view that the protective effects of SGs will be 
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abrogated, and this will enhance the cytotoxicity of the chemotherapeutic. One benefit of this 

approach may be that blocking SG formation may also reduce the development of MDR. 

1.19 Rationale and Project Aims 

Hypotheses 

1. When stressed, cancer cells form SGs which leads to inhibition of apoptosis. 

Treatment of cancer cells with natural compounds that block the formation of G3BP-

containing SGs will have reduced cell survival and increased apoptosis. This can be 

assessed by SG inhibition and subsequent drug treatment of cells.  

2. Adjuvant treatment of cells can have increased selectivity for cytotoxicity in cancer 

cells. This can be assessed by treating cells with a combination of 5FU and/or 

paclitaxel and a selected compound. Increased cytotoxicity can be determined as an 

increase in cell death of cancer cells treated with a combination of compounds (i.e. 

adjuvant approach) when compared to normal cells (i.e. HEK293).  

Aims 

1. Screen natural products for the disruption of SGs with a view that this will increase 

drug sensitivity and/or restore drug sensitivity in MDR cells 

2. Determine the mechanism of action of these compounds 

3. Use these compounds in combination with paclitaxel and/or other known 

chemotherapeutics, in an in vitro adjuvant assay to improve cytotoxicity 

 

Rohan Davis’ compound library will be used throughout the project. The Davis compound 

library currently consists of 472 distinct structures, the majority of which have been obtained 

from Australian natural sources, such as endophytic fungi (Davis et al., 2005), plants (Levrier 

et al., 2013), macrofungi (Choomuenwai et al., 2012), and marine invertebrates (Barnes et 

al., 2010). Approximately 15% of this library contains semi-synthetic natural product 

analogues while a small percentage (5%) are known commercial drugs or synthetic 

compounds inspired by natural products.  

 

 

 

 



 
 

CHAPTER TWO 
 

 

 

 

 

 

 

 

 

 

MATERIALS AND METHODS 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



24 
 

2.1 Materials 

 

Product      Company 

AlamarBlue       Thermoscientific 

Alexa Fluor 488     Life Technologies 

Anti-α-tubulin      Abcam 

Anti-G3BP1      BD Biosciences 

Anti-TIA1      Santa Cruz 

Bortezomib      Santa Cruz 

Bovine Serum Albumin    Sigma Life Science 

Centrifuge      Eppendorf 

DAPI       Life Technologies 

DMEM/F12 (1X)     Life Technologies 

DMSO       Sigma Life Science 

DPBS (1X)      Life Technologies 

Ethanol      Sigma-aldrich 

Glass Coverslips     Menzel Glaser 

Gloves       Ansell 

Glycerol      Chem Supply 

Hemocytometer     GMBH 

Hydrogen Chloride     Chem Supply 

Incubator      Quantum Scientific 

Microtube 1.5mL (clear)    Thermo Scientific 

Microtube 1.5mL (brown)    SARSTEDT 

Paraformaldehyde Powder    Scharlau 

Penstrep      Invitrogen 

Pipette Boy      LabServ, Thermo Fisher 

Plate reader      BioTek 

Plate Reader       Perkin Elmer 

P1000, P200 and P10     Gilson 

Propyl Gallate      Sigma-aldrich  

Sodium arsenite     Sigma-aldrich    

Sodium Hydroxide     Chem Supply 

Sorafenib      Santa Cruz 
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Stripette (50, 25, 10 and 5mL)   Costar, Corning 

Tips – 10uL      Thermo Scientific 

Tips – 1000uL      Thermo Scientific 

Tips – 200uL      Axygen Scientific 

Triton X-100      Progen industries Limited 

Trypan Blue      Life Technologies 

Trypsin (10X)      Thermo Fisher Scientific 

T25 and T75 flasks     Corning 

24-well plates      Greiner Bio One 

5FU       Sigma-Aldreich 

96-well plates      Thermofisher Scientific 

384-well plates     Perkin Elmer 
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2.2 Methods used for cell culture 

MCF7, T47D, MDAMB231 and HeLa cells were available in the host lab but were 

originally obtained from ATCC. HEK293 cells were kindly provided from the 

Queensland Institute of Medical Research (Brisbane, Australia). Vero cells were 

provided by Prof Suresh Mahalingam’s Lab at the Institute for Glycomics. MCF7MDR 

cells were developed in the host lab (see section 2.2.1). These cell lines were routinely 

grown at 37ºC in an incubator in a 95% humidified atmosphere containing 5% CO2. 

HEK293, MCF7, T47D, Vero and MCF7MDR cells were grown in DMEM/F12 

supplemented with 10% heat-inactivated fetal bovine serum (FBS). MDAMB231 cells 

were grown in culture media with sodium pyruvate and glucose and supplemented with 

10% heat-inactivated FBS. Cells were regularly passaged to 80% confluency up to a 

maximum of 30 passages. Cell lines were detached using 1X trypsin for HEK293, T47D 

and MDAMB231 cells or 5X trypsin for MCF7, Vero, HeLa and MCF7MDR cells, 

washed with media and centrifuged at 0.3 rcf or 1.4rpm for 5 mins at room temperature 

before reseeding.  

 

2.2.1 Development of MCF7MDR cell line 

MCF7 cells were maintained in DMEM/F12 media with L-glutamine and sodium 

bicarbonate and supplemented with 10% FBS in an incubator at 37°C and 5% CO2. The 

MCF7MDR cell line was derived from the parental MCF7 cells following long term 

(>12 months) culture in a medium supplemented with 10µM of Cisplatin (CDDP) and 

10µM of 5-FU. A resistance index (RI) was determined for the MCF7MDR cells to 

determine the drug resistance of the cell line.  The RI was calculated as the ratio of the 

IC50 of the MDR cell line/IC50 of non-treated MCF7 cell line. The RI of MCF7MDR 

cells against 5-FU was 2.7, while CDDP was 1.3. 

 

2.3 Cell Density Assay 

Cells were grown to 80-90% confluency in an incubator in a 95% humidified 

atmosphere containing 5% CO2 at 37 ºC. Upon passage of the cells the media was 

removed, washed with 1X PBS and trypsinised using 2mLs of 1X trypsin for HEK293, 

T47D and MDAMB231 cells or 5X trypsin for MCF7, Vero, HeLa and MCF7MDR 

cells for T25 flasks and 4mLs for T75 flasks. After incubation of the cells in the 

incubator for 5 minutes with trypsin, media was added and then transferred to a 15mL 

tube to centrifuge at 1400rpm or 0.3rcf for 5 mins. After centrifugation, the supernatant 
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was discarded and the pellet of cells was resuspended in 1mL of media and cells 

counted using a hemocytometer and trypan blue. 49.5uL of cells in media were seeded 

in triplicate into a 384-well plate in different concentrations (50, 100, 200, 300, 400, 

500, 600, 700, 800, 900 and 1000 cells or as otherwise specified in the text). PBS was 

added in the outside wells to humidify the plate to reduce evaporation of the media from 

the wells containing cells. After 68 hours incubation, 5uL of AlamarBlue was added to 

the wells containing cells and the fluorescence was read after 4hrs. 

 

2.3.1 Cell growth curves 

Fluorescence values from the cell density assay in section 2.3 were taken in triplicate 

for each cell line. The fluorescence values were subtracted from the background signal 

containing media and alamarBlue. These fluorescence values were plotted on the y-axis 

of a graph with the cell density values on the x-axis. The optimal cell density was 

chosen by using a value for each cell line in the linear growth stage. 

 

2.4 Stock solutions for compounds and drugs 

Psammaplysin F, RAD112, bortezomib and sorafenib were dissolved in 100% Dimethyl 

Sulfoxide (DMSO) to stock concentrations of 10mM and stored at -20°C.  

 

2.5 Determining the IC50 for Psammaplysin F, RAD112, bortezomib and sorafenib 

Cells were trypsinised and resuspended as previously explained in section 2.2. 49.5uL 

containing the optimal number of cells (as determined by the Cell Density Assay, 

section 2.3) were plated for the IC50 assay.  300 cells for HEK293 and Vero cells, 700 

cells for T47D and MDAMB231 cells and 400 cells for MCF7, HeLa and MCF7MDR 

cells were seeded in triplicate into a 384-well plate. 49.5uL of media was added in 

triplicate for a blank control. After overnight incubation, 0.5uL of compounds were 

added in triplicate into the wells with cells. In three wells 0.5uL of DMSO was added to 

the cells as a vehicle control. After 68 hours of incubation with compounds, 5uL of 

alamarBlue was added to all the wells. Once the plate had been incubated for 4hrs, the 

fluorescence was read using the Envision plate reader. IC50 values were calculated by 

transforming the drug concentrations into logarithmic scale and adding a non-linear 

regression curve fit using Graph Pad Prism 5. 
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2.6 Methods used for Fluorescence microscopy 

 

Materials: 

2.6.1 4% Paraformaldehyde 

400mLs of PBS was heated to 60°C on a hot plate and 20g of paraformaldehyde (PFA) 

powder was added to the heated PBS.  To dissolve the PFA 1N NaOH was added 

dropwise until the solution was clear. 1N HCL was added dropwise to bring the pH to 

7.4 and PBS was added to a final volume of 500mL. 

 

2.6.2 1% Triton X-100 

100ul of Triton X-100 was pipetted into 10mls of PBS to make a 1% solution. 

 

2.6.3 Blocking solution: 2% BSA 

1g of bovine serum albumin was weighed out and dissolved in PBS to a final volume of 

50mL. 

 

2.6.4 Primary Antibody (1:200) 

5uL of the primary antibody (Mouse anti-G3BP1 or Goat polyclonal anti-TIA-1) was 

diluted in 995ul of blocking solution. 

 

2.6.5 Secondary Antibody (1:1000) 

1uL of secondary antibody (goat anti-mouse Alexa Fluor 488 or Texas Red) was diluted 

in 999ul of blocking solution respectively. 

 

2.6.6 DAPI (1:1500) 

1uL of 1mg/ml of DAPI was diluted in 1499ul of PBS. 

 

2.6.7 0.5M Sodium Bicarbonate Buffer 

100mL of 0.5M sodium carbonate solution and 100mL of 0.5M sodium bicarbonate 

solution was made. 25mL of the 0.5M sodium carbonate solution was mixed with 75mL 

of 0.5M sodium bicarbonate solution and the pH adjusted to 9.6. 
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2.6.8 Mounting Medium 

1g of propyl gallate was dissolved in 1mL of ethanol and glycerol was added up to 

19mLs. Then 1mL of 0.5M Sodium bicarbonate buffer pH 9.6 was added and mixed 

well and kept in a tube with an aluminium foil cover in the fridge. 

 

2.6.9 Staining Method for Fluorescence microscopy: 

Cells were trypsinised and resuspended as previously described in 2.2. 100000 

HEK293, Vero and HeLa cells and 150000 MCF7, T47D, MDAMB231 and 

MCF7MDR cells were seeded into a 24-well plate containing glass coverslips and 

500uL of media. Once cells had reached 60-80% confluency the cells were fixed with 

500uL of 4% PFA for 30 mins at room temperature. After fixing the coverslips were 

washed 3 times with 500uL of PBS for 3 mins. After washing, the fixed cells were 

permeabilised with 500uL of 1% Triton X-100 for 15 mins at room temperature. The 

coverslips were then washed 3 times with 500uL of PBS for 3mins. Next the cells were 

then incubated with 500uL of 2% BSA for 1 hour at room temperature. The BSA was 

removed and the cells were incubated with 100uL of primary antibody for 1 hour. 

Subsequently, the cells were washed 3 times with 500uL of PBS for 3 mins then 

incubated with 100uL of secondary antibody for 1 hour. Cells were washed twice with 

500uL of PBS for 3 mins and then incubated with 100uL of DAPI for 5 minutes. 

Following this cells were washed twice with 500uL of PBS for 3 mins each and the 

coverslips were mounted onto microscope slides and left to dry overnight at room 

temperature and protected from light. Cells were later visualised using a FluoView 

FV1000 Confocal Microscope from Olympus. 

 

2.6.10 Double Staining (G3BP1+TIA1 and G3BP+α-tubulin). 

Cells were trypsinised and resuspended as previously described in 2.2. 100000 

HEK293, Vero or HeLa cells or 150000 MCF7, T47D, MDAMB231 and MCF7MDR 

cells were seeded into a 24-well plate containing glass coverslips and 500uL of media. 

Once cells had reached 60-80% confluency the cells were fixed with 500uL of 4% PFA 

for 30 mins at room temperature. After fixing the coverslips were washed 3 times with 

500uL of PBS for 3mins. After washing, the fixed cells were permeabilised with 500uL 

of 1% Triton X-100 for 15mins at room temperature. The coverslips were then washed 

3 times with 500uL of PBS for 3mins. Next the cells were then incubated with 500uL of 

2% BSA for 1hr at room temperature. The BSA was removed and the cells were 
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incubated with 100uL of primary antibody (G3BP1) for 1hr. Subsequently, the cells 

were washed 3 times with 500uL of PBS for 3mins then incubated with 100uL of 

secondary antibody (Alexa Fluor 488) for 1hr. Cells were washed twice with 500uL of 

PBS for 3mins and then 500uL of 2% BSA was added into each well for 1hr at room 

temperature. The BSA was removed and the cells were incubated with 100uL of 

primary antibody (TIA1 or α-tubulin) for 1hr. Subsequently, the cells were washed 3 

times with 500uL of PBS for 3mins then incubated with 100uL of secondary antibody 

(AlexaFluor594) for 1hr. Cells were washed twice with 500uL of PBS for 3mins and 

then incubated with 100uL of DAPI for 5mins. Following this the cells were washed 

twice with 500uL of PBS for 3mins each and the coverslips were mounted onto 

microscope slides and left to dry overnight at room temperature and protected from 

light. Cells were later visualised using a FluoView FV1000 Confocal Microscope from 

Olympus. 

 

2.7 Optimisation of Stress Granule Formation  

Cells were trypsinised and resuspended as previously described in 2.2. 100000 Vero 

cells or 150000 of MDAMB231 or MCF7MDR cells were seeded in 500ul of media in a 

24-well plate with glass coverslips. After overnight incubation the cells were stressed 

with 0.0625, 0.125, 0.25, 0.5, 0.75 and 1mM sodium arsenite for 30mins, 1 and 2hrs. 

The media was aspirated out and the cells were washed with 500uL PBS and then fixed 

with 500ul of 4% PFA for 30mins at room temperature. The cells were stained with 

antibodies for G3BP1 as previously described in sections 2.6.9 and 2.6.10.  

 

2.8 Compound Sources 

The compounds used in this study were obtained from the Davis Open Access 

Compound Library (Griffith Institute for Drug Discovery, Griffith University, 

Australia) which currently consists of 472 distinct compounds (Zulfiqar et al., 2017).  

The majority (53%) of which are natural products that have been obtained from 

Australian natural sources, such as endophytic fungi (Davis, 2005), plants (Levrier et 

al., 2013), macrofungi (Choomuenwai et al., 2012), and marine invertebrates (Barnes et 

al., 2010). Approximately 28% of this library contains semi-synthetic natural product 

analogues (Barnes et al., 2016), while a smaller percentage (19%) are known 

commercial drugs or synthetic compounds inspired by natural products. Bortezomib 
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(CAS 179324-69-7) and sorafenib (CAS 284461-73-0) were obtained from Santa Cruz 

biotechnology. 

 

2.9 Inhibition of Stress Granule assay 

Cells were trypsinised and resuspended as previously described in 2.2. 100000 

HEK293, Vero or HeLa cells or 150000 for MCF7, T47D, MDAMB231 and 

MCF7MDR cells were seeded into 24-well plates containing 495uL of media and 

incubated overnight to allow for cell attachment. 5ul of the compounds at the 

appropriate concentrations were added to the wells and incubated for 4 hrs. MCF7, 

T47D and HEK293 cells were then stressed for 2hrs using 125uM sodium arsenite, 

Vero, MDAMB231 and MCF7 cells were stressed for 1hr with 500uM of sodium 

arsenite and HeLa cells were stressed with 50µM of sodium arsenite for 1hr. Cells were 

then fixed with 500ul of 4% PFA for 30mins. These cells were then probed for G3BP1 

and TIA1 as previously explained in 2.6.10.  

 

2.10 Analysis of stress granule formation after treatment with natural products 

using Harmony high-content imaging software 

25000 cells were plated in Perkin Elmer 96-well plates for HEK293, MCF7, T47D and 

Vero cells, 15000 for HeLa cells and 10000 cells for MCF7MDR cells and incubated 

overnight at 37°C.  The cells were treated as described in 2.9 and were stained for 

G3BP1 to visualise SGs and DAPI to visualise nuclei. Perkin Elmer Harmony high-

content analysis software was used to analyse 25 random fields of view for each 

parameter in triplicate, totalling 225 fields of view for n=3. Each image was analysed by 

the software to firstly recognise the nucleus using DAPI staining. Then the cytoplasm of 

these cells was determined by using G3BP1 staining. Lastly, the number of SGs were 

analysed by recognising any intensity in the cytoplasm over 0.060 for Vero, HEK293, 

MCF7, T47D. MDAMB231 and MCF7MDR cells and 0.1 for HeLa cells. These 

parameters were set up for each cell line using the DMSO+SA control as a reference. 

The average number of stress granules was determined by dividing the number of SGs 

by the number of nuclei in each parameter.  

 

2.11 Microtubule Recovery Assay 

Cells were trypsinised and resuspended as previously described in 2.2 100000 Vero 

cells were seeded in 500ul of media in a 24-well plate with glass coverslips and left to 
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incubate overnight. After overnight incubation the cells were stressed for 1 hr at 

500µM. In parallel the compounds were added for 4 hours and after 4 hours the media 

was taken out and fresh media containing DMEM+10%FBS was added and left for 

30mins to 2hrs in 30min intervals. The media was aspirated out and the cells were 

washed with 500uL PBS and then fixed with 500ul of 4% PFA for 30mins at room 

temperature. The cells were stained with antibodies for G3BP1 and α-tubulin as 

previously explained in 2.6.10. 

 

2.12 Nocodazole Assay 

Cells were trypsinised and resuspended as previously described in 2.2 100000 Vero 

cells were seeded in 500ul of media in a 24-well plate with glass coverslips and left to 

incubate overnight. After overnight incubation the cells were cold shocked for 1hr in an 

ice bath. After 1hr, nocodazole was added for 30mins at 37℃. In parallel, compound 

RAD112 was added for 4 hours. The media was aspirated out and the cells were washed 

with 500uL PBS and then fixed with 500ul of 4% PFA for 30mins at room temperature. 

The cells were stained with antibodies for α-tubulin as previously described in 2.6. 

 

2.13 Half Maximal Inhibitory Concentration (IC50) of psammaplysin F, RAD112, 

bortezomib and sorafenib analysis 

The IC50 values of psammaplysin F, RAD112, bortezomib and sorafenib were 

calculated by using the fluorescence values and the vehicle control and blank control to 

transform the data into viability. This was done by taking the fluorescence for each 

different concentration of compound and subtracting the blank control and dividing this 

number by the vehicle control minus the blank control. This number was then 

multiplied by 100 to get viability as a percentage. The viability data was transferred into 

Graphpad Prism 5 and the data transformed to get the log values of the concentration of 

compounds along the x-axis of the graph. A nonlinear regression (curve fit) was then 

inserted into the graph to get the IC50 value. This was completed for each replicate and 

the mean of each replicate was used as the data point. 

 

2.14 Western blot 

Cells were seeded and treated as described in the inhibition of stress granule assay. 

After treatment, cells were treated with trypsin and pelleted in a centrifuge for 5mins at 

0.3 rcf. The cells were resuspended in 1mL of ice cold PBS and re-spun for 5mins at 
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0.3rcf. PBS was removed and the cell pellet was resuspended in 1X protease inhibitor in 

RIPA buffer for 20mins with agitation occuring every 5mins. After 20mins the cell 

lysates were spun for 20mins at 4°C at max speed. The supernatant was removed and 

loading buffer was added and the samples denatured for 5mins at 95°C. Equal amounts 

of total protein were run on SDS-PAGE, transferred to PVDF membrane by wet transfer 

at 4°C at 100 V for 1.5hrs. The membranes were blocked for 1hr at room temperature in 

5% BSA or 5% milk powder in TBST. Membranes were incubated with primary 

antibodies (β actin - GeneTex, GXT100313, lot: 42305, α tubulin - Abcam, ab18251, 

lot: CR245493-1, phosphorylated eIF2α - Cell Signalling Technology 9721S, lot: 15, 

eIF2a – Life Technologies AH00802, lot: QF215110 and HRI – Santa Cruz 

Biotechnology lot: E0217) overnight and HRP-conjugated secondary antibodies (mouse 

HRP- Invitrogen and rabbit HRP-Li-Cor) for 1hr at room temperature. Membranes 

underwent ECL detection using Immobilon®-Western Chemiluminescent 

HRP substrate detection kit (Millipore) on a Bio-Rad or Odyssey imager.  

 

2.15 Analysis of densitometry for phosphorylated eIF2α, eIF2α and HRI 

β actin (GeneTex, GXT100313, lot: 42305) or α tubulin (Abcam, ab18251, lot: 

CR245493-1) were used as loading controls and to normalise the data. The signals for 

phosphorylated eIF2α (Cell Signalling Technology 9721S, lot: 15), eIF2α (Life 

Technologies AH00802, lot: QF215110) or HRI (Santa Cruz Biotechnology lot: E0217) 

were divided by those of the loading controls. These values were normalised with the 

highest signal intensity being equivalent to 1 to achieve the ratio of phosphorylated 

eIF2α to the loading control, the ratio of eIF2α to the loading control or the ratio of HRI 

to the loading control. 

 

2.16 In vitro combinational compound and drug assay 

Cells were trypsinised and resuspended as described in the in vitro stress granule assay 

(section 2.7). 300 cells for HEK293, MCF7 and Vero cells, 400 cells for HeLa and 

MCF7MDR cells and 700 cells for T47D and MDAMB231 cells were seeded per well 

in a 384-well plate and incubated overnight in an incubator at 37°C. Psammaplsyin F (2, 

3, 4, 5, 6, 7, 8, 9 and 10µM), RAD112 (2, 4, 8, 12, 16, 20, 24, 28 ad 32µM), bortezomib 

(1, 2, 3, 4, 5, 6, 7, 8 and 9nM) or sorafenib (2, 3, 4, 5, 6, 7, 8, 9 and 10μM) were added 

in combination into each well and incubated for 68hrs at 37°C. After 68hrs 5µL of 
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AlamarBlue was added into each well, incubated for 4hrs and then the fluorescence was 

read using the EnVision 2105 plate reader. 

 

2.17 In vitro combinational compound and drug treatment analysis 

Data from the Combinational compound and drug treatments were analysed using the 

Chou-Talalay method based on the median effect equation (Chou et al., 1984). 

Combination index values were obtained using the Compusyn 1.0 software. 
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3.1 Introduction 

Stress granules (SGs) are messenger ribonucleoprotein particles that form in the 

cytoplasm of cells in response to stress and are important in triaging mRNA to regulate 

gene expression (Solomon et al., 2007). In particular, SGs can regulate the translation of 

proteins in response to stress, including treatment with chemotherapeutic drugs 

(Unsworth et al., 2010; Yagüe et al., 2010). Previous research has shown that blockage 

of SG formation can restore the efficacy of bortezomib (Fournier et al., 2010). The most 

common pathway to SG formation is the phosphorylation of eIF2α (Gilks et al., 2004; 

Kedersha et al., 2007; Kedersha et al., 2000; McInerney et al., 2005) and the 

phosphorylation of eIF2α reduces the availability of the ternary complex, eIF2-GTP-

tRNAiMet. The ternary complex loads the initiator tRNA onto the 40S ribosomal 

subunit in a GTP-dependent manner and interacts with other core translation initiation 

factors and without the availability of this complex, translation initiation cannot be 

initiated and SGs are formed (Gilks et al., 2004). Microtubules can also impact the 

formation of SGs, as components of SGs travel along the microtubules and merge 

together to form large mature SGs (Nadezhdina et al., 2010). The ability of SG 

inhibition to increase the efficacy of bortezomib provides an exciting new possibility; 

that down-regulation of SG formation in response to chemotherapeutic treatment may 

improve drug efficacy, or the regulation of SGs may represent a mechanism through 

which drug efficacy can be maintained in cells that are becoming resistant to 

chemotherapeutic treatment. In the instance of multi drug resistance, the disruption of 

SGs using natural products may provide an opportunity to partially, or fully, reverse 

drug resistance and this will be explored in this PhD. 

One of the aims of this research, is to discover compounds with the ability to disrupt or 

block the formation of SGs. Novel compounds that can block SG formation can then be 

used in combination with FDA approved therapeutic drugs, with a view to improve the 

cytotoxicity of chemotherapeutics. After identifying compounds that can block or 

reduce the amount of SG formation in cells that had been treated with compounds 

known to cause SGs, these compounds will then undergo cytotoxic screening (IC50 

calculations) on breast cancer cell lines, before finally evaluating them in combination 

studies. Therefore, the aim of this chapter is to optimise the assays that were used in 

compound screening. AlamarBlue survival assays are frequently used when screening 

natural products for cytotoxicity (Hamid et al., 2004). This chapter describes the 
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optimisation of cell density used in the cytotoxicity assays for HEK293, MCF7, T47D, 

Vero, HeLa, MDAMB231 and MCF7MDR cell lines. The IC50 of the 

chemotherapeutics, bortezomib and sorafenib being used in the combination assay will 

also be determined. These compounds are used in the combinational assay, as they can 

both cause formation of SGs (Adjibade et al., 2015; Fournier et al., 2010) and it is 

hypothesised that inhibiting SG formation may lead to an increase in efficacy of 

chemotherapeutics that cause SG formation. This chapter also contains data on the co-

localisation of G3BP1 and TIA1 in SGs during stress conditions in each cell line. 

G3BP1 and TIA1 are considered markers of SGs (Somasekharan et al., 2015) and co-

localise to SGs during stress conditions. These experiments were performed to 

demonstrate that the sub-cellular structures being assessed by microscopy and high 

throughput operetta screening were SGs that were formed after treatment with sodium 

arsenite (SA). 

The breast cancer cell lines, MCF7 and T47D cells, were chosen because the host 

laboratory was interested in breast cancer. G3BP1 is overexpressed in breast cancer 

(French et al., 2002), and this overexpression can induce the formation of SGs in the 

absence of stress (Bounedjah et al., 2014). The breast cancer cell line, MDAMB231 was 

chosen as it was ER-, in contrast to MCF7 and T47D cells which were ER+. 

MCF7MDR cells were chosen to determine if an increase in efficacy and/or a 

restoration of sensitivity to bortezomib or sorafenib could be achieved. The cervical 

cancer cell line, HeLa were chosen because research into the increase in efficacy of 

bortezomib after SG inhibition was performed in this cell line. Lastly, the Vero cell line 

was chosen for this project as it has a large cytoplasm, and an easily visible network of 

microtubules, required for the experiments in Chapter 5. 

3.2 Cell Density Assay 

To determine the cell density for each cell line for use in compound screening, and 

future experiments, the optimum number of cells for use in a 384-well plate was 

determined by performing a cell density assay. The cell density of HEK293, MCF7, 

T47D, Vero, HeLa and MDAMB231 cells was determined by growing cells in 

DMEM+10%FBS in a 384-well plate as described in chapter 2 section 2.3 and 

following the growth curves of the cells. (Figure 3.2.1 A-F respectively). The growth 
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curves were generated by using the fluorescence values outputted from the alamarBlue 

assay described in chapter 2 section 2.3.1. 

 

 

 

 

 

 

 

 

 

 

 

The data from figure 3.2.1 was analysed and the optimal cell density for a 72 hour 

experiment was determined by taking a mid-point within the linear portion of the 

density curve. The optimal plating density for each cell line is displayed in Table 3.1. 

MCF7MDR cells were previously optimised in the lab by Jane Zhang (PhD thesis, 

Griffith University, Australia) and the optimum cell density was determined to be 400 

cells per well.  The optimal seeding densities determined by these assays were used to 

determine IC50 values for bortezomib and sorafenib. 
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Figure 3.2.1. Cell Density Assay for HEK293, MCF7, T47D, Vero, HeLa and MDAMB231 cells. 
Cell density curves for (A) HEK293, (B) MCF7, (C) T47D, (D) Vero, (E) HeLa and (F) MDAMB231 
cells at differing initial cell seeding numbers. Each data point is the mean ± standard error of the mean 
(sem) N=3.  

 

Table 3.1. Optimal plating cell plating densities for use in cytotoxicity assays in 384 well plates. 

Cell line Cell density
HEK293 300
MCF7 300
T47D 700
Vero 300
HeLa 400
MDAMB231 700
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3.3 IC50 bortezomib and sorafenib 

In order to perform combinational experiments using drugs that were identified by SG 

inhibition assays (Chapter 4) the IC50 doses of the FDA approved drugs; bortezomib 

(Fig 3.3.1) and sorafenib (Fig 3.3.2), were determined in each cell line as described in 

chapter 2 section 2.13. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3.1. Determining the IC50 of bortezomib in HEK293, MCF7, T47D, Vero, HeLa, 
MDAMB231 and MCF7MDR cells. The graphs show the viability curves of bortezomib in HEK293 
(A), MCF7 (B), T47D (C), Vero (D), HeLa (E), MDAMB231 (F) and MCF7MDR (G) cells in a 384-
well plate after treatment with different concentrations of bortezomib (1-50nM). Each data point is the 
mean ± sem. N= 3.  
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Figure 3.3.2. Determining the IC50 of sorafenib in HEK293, MCF7, T47D, Vero, HeLa, 
MDAMB231 and MCF7MDR cells. The graphs show the viability curves of sorafenib in 
HEK293 (A), MCF7 (B), T47D (C), Vero (D), HeLa (E), MDAMB231 (F) and MCF7MDR 
cells in a 384-well plate after treatment with different concentrations of sorafenib (2-20µM). 
Each data point is the mean ± sem. N= 3.  

Table 3.2. IC50 of bortezomib and sorafenib in HEK293, MCF7, T47D, Vero, HeLa and 
MDAMB231 and MCF7MDR cells. 

Cell line IC50 Bortezomib (nM) IC50 Sorafenib (µM)
HEK293 3.8 4.8
MCF7 - 2.5
T47D 11.3 6.4
Vero 8.1 7.6
HeLa 9.2 6.7
MDAMB231 8.3 10.7
MCF7 MDR - -
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Analysis of the data in figure 3.3.1 using GraphPad Prism 5 determines the IC50 doses 

for bortezomib and sorafenib in HEK293, MCF7, T47D, Vero, HeLa, MDAMB231 and 

MCF7MDR cells shown in Table 3.2. The IC50 of bortezomib in MCF7 and 

MCF7MDR cells could not be calculated using GraphPad Prism 5 as cell viability did 

not fall below 50%. The IC50 of sorafenib in MCF7MDR cells could not be calculated 

using GraphPad Prism 5 as cell viability did not fall below 50%. 

3.4 Co-localisation of G3BP1 and TIA1 in SGs 

G3BP1 and TIA1 are known markers for SGs (Kedersha et al., 2007) and this parameter 

was used to confirm that the structures that were to be assessed in the SG inhibition 

assay (Chapter 4) were SGs and not other structures such as endosomes. In this assay, 

both non-stressed and stressed cells were stained and imaged (described in chapter 2 

section 2.6.1) with antibodies for G3BP1 and TIA1 to determine that these markers 

were co-localising in SA induced SGs (Figures 3.4.1-3.4.7).  

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 3.4.1. Co-localisation of G3BP1 and TIA1 in HEK293 cells. Normal cells (upper row) and SA 
treated (middle row) were stained with anti-G3BP1 antibodies (green staining in the left-hand panels) 
and with anti-TIA1 antibodies (red staining in the centre panels). Images were overlaid to show co-
localisation of G3BP1 and TIA1 (yellow staining in right-hand panels). White arrows indicate SGs. The 
inserts show an enlargement of (A) shows G3BP1 staining within a stress granule, (B) shows TIA1 
staining within the same stress granule shown in A. (C) shows an overlay of G3BP1 and TIA1 staining 
within the stress granule. All images have been adjusted uniformly across the field of view and are of 
equal magnification excluding the close up images. Scale bar = 10µM. Images are representative of 3 
biological repeats. Images for the negative control are in Appendix Figure 1. 
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Figure 3.4.2. Co-localisation of G3BP1 and TIA1 in MCF7 cells. Normal cells (upper row) and SA 
treated (middle row) were stained with anti-G3BP1 antibodies (green staining in the left-hand panels) and 
with anti-TIA1 antibodies (red staining in the centre panels). Images were overlaid to show co-localisation 
of G3BP1 and TIA1 (yellow staining in right-hand panels). White arrows indicate SGs. The inserts show 
an enlargement of (A) shows G3BP1 staining within a stress granule, (B) shows TIA1 staining within the 
same stress granule shown in A. (C) shows an overlay of G3BP1 and TIA1 staining within the stress 
granule. All images have been adjusted uniformly across the field of view and are of equal magnification 
excluding the close up images. Scale bar = 10µM. Images are representative of 3 biological repeats. 
Negative control is in Appendix Figure 2. 
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Figure 3.4.3. Co-localisation of G3BP1 and TIA1 in T47D cells. Normal cells (upper row) and SA 
treated (middle row) were stained with anti-G3BP1 antibodies (green staining in the left-hand panels) 
and with anti-TIA1 antibodies (red staining in the centre panels). Images were overlaid to show co-
localisation of G3BP1 and TIA1 (yellow staining in right-hand panels).  White arrows indicate SGs. 
The inserts show an enlargement of (A) shows G3BP1 staining within a stress granule, (B) shows 
TIA1 staining within the same stress granule shown in A. (C) shows an overlay of G3BP1 and TIA1 
staining within the stress granule. All images have been adjusted uniformly across the field of view 
and are of equal magnification excluding the close up images. Scale bar = 10µM. Images are 
representative of 3 biological repeats. Negative control is in Appendix Figure 3. 
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Figure 3.4.4. Co-localisation of G3BP1 and TIA1 in Vero cells. Normal cells (upper row) and 
SA treated (middle row) were stained with anti-G3BP1 antibodies (green staining in the left-hand 
panels) and with anti-TIA1 antibodies (red staining in the centre panels). Images were overlaid to 
show co-localisation of G3BP1 and TIA1 (yellow staining in right-hand panels). White arrows 
indicate SGs. The inserts show an enlargement of (A) shows G3BP1 staining within a stress 
granule, (B) shows TIA1 staining within the same stress granule shown in A. (C) shows an 
overlay of G3BP1 and TIA1 staining within the stress granule. All images have been adjusted 
uniformly across the field of view and are of equal magnification excluding the close up images. 
Scale bar = 10µM. Images are representative of 3 biological repeats. Negative control is in 
Appendix Figure 4. 
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Figure 3.4.5. Co-localisation of G3BP1 and TIA1 in HeLa cells. Normal cells (upper row) and SA 
treated (middle row) were stained with anti-G3BP1 antibodies (green staining in the left-hand 
panels) and with anti-TIA1 antibodies (red staining in the centre panels). Images were overlaid to 
show co-localisation of G3BP1 and TIA1 (yellow staining in right-hand panels). White arrows 
indicate SGs. The inserts show an enlargement of (A) shows G3BP1 staining within a stress granule, 
(B) shows TIA1 staining within the same stress granule shown in A. (C) shows an overlay of G3BP1 
and TIA1 staining within the stress granule. All images have been adjusted uniformly across the field 
of view and are of equal magnification excluding the close up images. Images are representative of 3 
biological repeats.  Scale bar = 10µM. Negative control is in Appendix Figure 5. 
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Figure 3.4.6. Co-localisation of G3BP1 and TIA1 in MDAMB231 cells. Normal cells (upper row) 
and SA treated (middle row) were stained with anti-G3BP1 antibodies (green staining in the left-
hand panels) and with anti-TIA1 antibodies (red staining in the centre panels). Images were overlaid 
to show co-localisation of G3BP1 and TIA1 (yellow staining in right-hand panels). White arrows 
indicate SGs. The inserts show an enlargement of (A) shows G3BP1 staining within a stress granule, 
(B) shows TIA1 staining within the same stress granule shown in A. (C) shows an overlay of G3BP1 
and TIA1 staining within the stress granule.  All images have been adjusted uniformly across the 
field of view and are of equal magnification excluding the close up images. Images are representative 
of 3 biological repeats. Scale bar = 10µM. Negative control is in Appendix Figure 6. 
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The results of this section confirmed that SGs could be induced by SA in all the cell 

lines tests and the co-localization of the G3BP1 and TIA-1 confirmed that the structures 

being observed were SGs and not another structure such as a membrane bound granule 

or other protein structure.  

 

 

 

 

Figure 3.4.7. Co-localisation of G3BP1 and TIA1 in MCF7MDR cells. Normal cells (upper row) 
and SA treated (middle row) were stained with anti-G3BP1 antibodies (green staining in the left-
hand panels) and with anti-TIA1 antibodies (red staining in the centre panels). Images were overlaid 
to show co-localisation of G3BP1 and TIA1 (yellow staining in right-hand panels). White arrows 
indicate SGs. The inserts show an enlargement of (A) shows G3BP1 staining within a stress granule, 
(B) shows TIA1 staining within the same stress granule shown in A. (C) shows an overlay of G3BP1 
and TIA1 staining within the stress granule. All images have been adjusted uniformly across the field 
of view and are of equal magnification excluding the close up images. Images are representative of 3 
biological repeats. Scale bar = 10µM. Negative control is in Appendix Figure 7. 
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3.5 Optimisation of SG formation in Vero, HeLa, MDAMB231 and MCF7MDR 

cells 

To start the SG inhibition assay, the concentration and the amount of time cells should 

be stressed with SA to form SGs was determined as described in chapter 2 section 2.7. 

The optimum time for HEK293, MCF7 and T47D cells had been previously determined 

in the host lab (Kimberley Christen, Hons thesis, Griffith University, Australia) to be 

125µM for 2hrs. However, Vero, HeLa, MDAMB231 and MCF7MDR cells had not 

been used in this assay and therefore needed optimisation. In brief, cells were plated at 

100000 cells for Vero and HeLa cells and 150000 cells for MDAMB231 and 

MCF7MDR cells and stressed with 62.5, 125, 250, 500, 750µM and 1mM of SA for 30 

min, 1 hrs and 2 hours and then treated and stained with G3BP1 to assess SG formation 

(Figures 3.5.1-3.5.4). Untreated cells stained with G3BP1 for Vero, HeLa, MDAMB231 

and MCF7MDR cells are shown in the appendix Figure 8. 
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Figure 3.5.1. Vero cells treated with different SA concentrations for 30mins, 1hr and 
2hrs. Cells were stressed with SA for 30mins, 1hr and 2hrs at concentrations 62.5, 125, 250, 
500, 750µM and 1mM. After treatment cells were fixed and stained with DAPI and antibodies 
for G3BP1. Scale bar = 10µM. All images are of equal magnification. Brightness and contrast 
has been adjusted uniformly across the field of view in all images. The images are 
representative of 3 biological repeats. Negative control is in Appendix Figure 9.  
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Figure 3.5.2. HeLa cells treated with different SA concentrations for 30mins, 1hr and 2hrs. 
Cells were stressed with SA for 30mins, 1hr and 2hrs at concentrations 35, 40, 45, 50, 55 and 60µM. 
After treatment cells were fixed and stained with DAPI and antibodies for G3BP1. Scale bar = 
10µM. All images are of equal magnification. Brightness and contrast has been adjusted uniformly 
across the field of view in all images. The images are representative of 3 biological repeats. Negative 
control is in Appendix Figure 1.  
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Figure 3.5.3. MDAMB231 cells treated with different SA concentrations for 30mins, 1hr and 
2hrs. Cells were stressed with SA for 30mins, 1hr and 2hrs at concentrations 62.5, 125, 250, 500, 
750µM and 1mM. After treatment cells were fixed and stained with DAPI and antibodies for 
G3BP1. Scale bar = 10µM. All images are of equal magnification. Brightness and contrast has 
been adjusted uniformly across the field of view in all images. The images are representative of 3 
biological repeats. Negative control is in Appendix Figure 11.  
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Figure 3.5.4. MCF7MDR cells treated with different SA concentrations for 30mins, 1hr and 
2hrs. Cells were stressed with SA for 30mins, 1hr and 2hrs at concentrations 62.5, 125, 250, 500, 
750µM and 1mM. After treatment cells were fixed and stained with DAPI and antibodies for 
G3BP1. Scale bar = 10µM. All images are of equal magnification. Brightness and contrast has been 
adjusted uniformly across the field of view in all images. The images are representative of 3 
biological repeats. Negative control is in Appendix Figure 12.  
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From the data it was determined that the optimum time and concentration of SA was 

50µM for 1hr in HeLa cells and 500µM for 1hr in Vero, MDAMB231 and MCF7MDR 

cells (Fig 3.4.1-3.4.4). This was determined by choosing the concentration that caused 

the most SG formation at the lowest possible concentration to limit cell death from SA 

exposure. 

3.6. Optimisation of cell density for Operetta analysis  

The Operetta was used to quantitate the number of SGs formed in the cells, especially to 

assess the results of the SG inhibition assay (described in chapter 4).  The data was 

analysed using harmony high content imaging software. The cell density in all cell lines 

was optimised using methods described in chapter 2 section 2.10. 5000, 10000, 15000, 

20000, 25000, 30000, 35000, 40000, and 45000 cells were plated into 96-well plates 

and grown overnight at 37℃. Each cell line was then stressed with SA for their 

optimum time and concentration for each cell density. The plates were then fixed using 

4% PFA and stained with antibodies against G3BP1 and imaged using the operetta. 

Figure 3.6.1 shows the total number of SGs per cell and figure 3.6.2 shows the average 

number of SGs per cell.  
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Figure 3.6.1. Graphs show the number of SGs per cell in HEK293, MCF7, T47D, Vero, HeLa, MDAMB231 

and MCF7MDR cells. Cells were plated as indicated on the x-axis. Stress granules were counted in untreated (N) 

cells versus SA treated (S) cells. The graphs show data for (A) HEK293 cells treated with 125µM of SA for 2hrs. (B) 

MCF7 cells treated with 125µM of SA for 2hrs. (C) T47D cells treated with 125µM of SA for 2hrs. (D) Vero cells 

treated with 500µM of SA for 1hr. (E) HeLa cells treated with 50µM of SA for 1hr. (F) MDAMB231 cells treated 

with 500µM of SA for 1hr. (G) MCF7MDR cells treated with 500µM of SA for 1hr. The data for all cell lines was 

analysed using the harmony high content imaging software on the Operetta. N=3. *=p<0.05 
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The data from Figs 3.6.1 and 3.6.2 was used to determine the optimal cell density 

required for the SG inhibition assay. The optimum density was determined by 

comparing the number of SGs and the average number of SGs in wild-type and stressed 

cells (treated with SA). It was determined that the optimum cell density per well was 

25000 cells for HEK293, MCF7, T47D and Vero cells, 15000 cells for HeLa cells, 

35000 cells for MDAMB231 cells and 10000 cells for MCF7MDR cells (Fig 3.5.1 and 

3.5.2). This was determined by choosing the density that showed a significant difference 

in the number of SGs between wild-type and stressed cells in figure 3.6.1 and average 

number of SGs between wild-type and stressed cells in figure 3.6.2. 

3.7 Discussion 

In conclusion, it was found that the plating cell density per well for use in a 384 well 

plate for cytotoxicity assays were 300, 300, 700, 300, 400 and 700 cells for HEK293, 

MCF7, T47D, Vero, HeLa and MDAMB231 cells respectively. The IC50 of bortezomib 

in HEK293, T47D, Vero, HeLa and MDAMB231 cells were 3.8, 11.3, 8.1, 9.2 and 

8.3nM respectively. The IC50 of bortezomib in MCF7 and MCF7MDR cells could not 

be calculated as cell viability did not fall below 50% and this is to be expected for a 

drug resistant cell line. The IC50 of sorafenib was 4.8, 2.5, 6.4, 7.6, 6.7 and 10.7μM for 

HEK293, MCF7, T47D, Vero, HeLa and MDAMB231 cells respectively. As expected, 

the IC50 of sorafenib in MCF7MDR cells could not be calculated as cell viability did not 

fall below 50%. 

 G3BP1 and TIA1 both co-localise into SGs in all cell lines tested after stressing with 

SA. The optimum time and concentration to stress HeLa cells with SA was determined 

to be 50µM for 1hr and 500µM for 1hr in Vero, MDAMB231 and MCF7MDR cells. 

The optimum cell density for use in the analysis of SG assay was determined to be 

25000 cells for HEK293, MCF7, T47D and Vero cells, 15000 cells for HeLa cells, 

35000 cells for MDAMB231 cells and 10000 cells for MCF7MDR cells. The following 

results chapters use the conditions optimised above to perform SG inhibition assays 

using natural products and combinational studies in all cell lines. 

Figure 3.6.2. Average number of SGs per cell in HEK293, MCF7, T47D, Vero, HeLa, MDAMB231 and 
MCF7MDR cells. Cells were plated as indicated on the x-axis. Stress granules were counted in untreated (N) 
cells versus SA treated (S) cells. The graphs show data for (A) HEK293 cells treated with 125µM of SA for 2hrs. 
(B) MCF7 cells were treated with 125µM of SA for 2hrs. (C) T47D cells were treated with 125µM of SA for 
2hrs. (D) Vero cells were treated with 500µM of SA for 1hr. (E) HeLa cells were treated with 50µM of SA for 
1hr. (F) MDAMB231 cells were treated with 500µM of SA for 1hr. (G) MCF7MDR cells were treated with 
500µM of SA for 1hr. The data for all cell lines was analysed using the harmony high content imaging software 
on the Operetta. N=3. *=p<0.05. 
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4.1 Introduction 

Stress granules (SGs) are messenger ribonucleoprotein particles than form in cells in 

response to stress or translation inhibition (Buchan et al., 2009). SGs contain translation 

initiation factors such as eukaryotic translation initiation factor 3, eIF-4E, eIF-4G, 

mRNA, 40S ribosomal components and RNA-binding proteins such as G3BP1 and 

TIA1 (Solomon et al., 2007). G3BP1 and TIA1 are known markers of SGs and 

overexpression of G3BP1 in the absence of stress has been shown to cause SG 

formation. SGs can regulate the expression of proteins in response to stress to help the 

cell to survive, such as expression of heat shock proteins in response to heat shock 

(Moeller et al., 2004). Exposure to bortezomib (10hrs) was shown to cause an increase 

in SGs that correlated with an increase in resistance to bortezomib (Fournier et al., 

2010). Inhibiting SGs via knock down of HRI in HeLa cells led to an increase in 

efficacy of bortezomib when compared to HeLa cells that could still form SGs (Fournier 

et al., 2010). Therefore, as an increase in efficacy was found in HeLa cells after 

inhibiting SGs and treating them with chemotherapy, the aim of this project was to 

discover natural products that could inhibit the formation of SGs for use in an in vitro 

combinational assay to increase the efficacy of FDA approved chemotherapeutics. 

The following chapter contains experiments that describe the screening of natural 

products obtained from the Davis Open Access screening library in an SG inhibition 

assay on HEK293, MCF7, T47D, Vero, HeLa, MDAMB231 and MCF7MDR cells. 

These experiments were performed using methods described in chapter 2 section 2.9. 

This chapter also contains the analysis of two compounds discovered during the 

screening assay, RAD112 and psammaplysin F using harmony high-content imaging 

software to determine if the stress granules were being inhibited. 
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4.2 Stress Granule Inhibition 

Inhibiting stress granules using natural products is a novel approach to discover 

compounds that have potential to be used in combination with current therapeutics. 

Stress granules have been linked to the development of drug resistance in cancer cells 

and the inhibition of apoptosis (Fournier et al., 2010; Gareau et al., 2011). The 

inhibition of stress granules is a promising area of research and could potentially lead to 

the development of new anti-cancer treatment strategies, or the improvement of current 

treatment strategies. A preliminary screen of 36 compounds revealed 2 compounds, 

RAD112 and psammaplysin F that had promising results for the inhibition of SGs.  

RAD112 (Figure 4.1.1) is a chalcone and chalcones (1,3-diaryl-2-propen-1-ones) are 

present in a wide variety of natural sources such as fruits, spices, tea and vegetables and 

are of great interest for their pharamacological activities (Nowakowska, 2007). 

Chalcones belong to the flavonoid family and they consist of open-chain flavonoids in 

which the two aromatic rings are joined by a three-carbon a,b-unsaturated carbonyl 

system (Martel-Frachet et al., 2015; Nowakowska, 2007). Chalcones have reported 

antibacterial, antifungal, antimalarial, antiviral and anti-inflammatory properties 

(Nowakowska, 2007). Chalcones also have anti-mitotic activity that is often associated 

with the disruption of microtubules (Edwards et al., 1990; Martel-Frachet et al., 2015). 

 

 

 

 

Psammaplysin F was first isolated in 1997 from a marine sponge that belonged to the 

genus Aplysinella (Liu et al., 1997). Psammaplysin F has reported activity against the 

malaria parasite displaying some sensitivity against chloroquine-resistant and 

chloroquine-sensitive Plasmodium falciparum lines (IC50 1.38μM and 0.867μM, 

respectively) when compared to HEK293 cells (IC50 of 10.9µM) (Xu et al., 2011). This 

marine natural product also demonstrated activity against Gram-positive bacteria by 

inhibiting cell division and preventing the partitioning of chromosomes (Ramsey et al., 

Fig. 4.2.1. The chemical structure of the chalcone, RAD112. 



59 

 

2013). Recently, psammaplysin F has shown moderate growth inhibition against 

Trypanosoma cruzi with an IC50 of 5.63µM (Zulfiqar et al., 2017). 

 

 

 

 

 

 

A preliminary SG inhibition assay screen was performed of the 36 compounds in 

HEK293, MCF7 and T47D cells. These cells were treated with 36 compounds for 4hrs 

at 50µM and then stressed with SA for their optimum time and concentration. The cells 

were fixed with PFA and stained with antibodies against G3BP1 (data not shown). Two 

compounds were identified during the preliminary screen, RAD112 and psammaplysin 

F, that appeared to be disrupting SG formation. The remaining 34 compounds that did 

not appear to inhibit SG formation in HEK293, MCF7 and T47D cells are shown in the 

appendix figures 13-49. Therefore, the effect of RAD112 and psammaplysin F on SGs 

was confirmed using the SG inhibition assay on HEK293, MCF7, T47D, Vero, HeLa, 

MDAMB231 and MCF7MDR cells. All cells were treated with 50µM of RAD112 for 

4hrs then stressed with SA for the optimum time and concentration for each cell line as 

determined in chapter 3. For psammaplysin F treatment 50µM in the preliminary screen 

appeared to cause cell death (data not shown), therefore, psammaplysin F was titrated to 

10, 20 and 30µM for 4hrs and then stressed with SA for the optimum time and 

concentration for each cell line. The controls for the SG inhibition assay are shown in 

figures 4.2.3-4.2.9. These controls are the positive controls, treatment with 1% DMSO 

and SA for optimum time and concentration per cell line and treatment with SA for the 

optimum time and concentration per cell line. The negative controls are wild-type cells 

and cells treated with 1% DMSO. The stress granule inhibition assay for RAD112 is 

shown in figures 4.3.1-4.3.7 and figures 4.5.1 to 4.5.7 for psammaplysin F. 

 

Fig. 4.2.2. The chemical structure of the marine natural product alkaloid, psammaplysin F. 
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Figure 4.2.3. Controls for Stress Granule formation in HEK293 cells. These cells were 
stained with antibodies for G3BP1 (shown in green) and TIA1 (shown in red) to visualise 
SGs and counter-stained with DAPI (blue). (A) Non-stressed (no sodium arsenite treatment) 
cells showing the normal distribution of G3BP (green). (B) Non-stressed cells treated with 
the vehicle control (1% DMSO) for 4hrs. (C) HEK293 cells treated with sodium arsenite at 
125µM for 2hrs. (D) HEK293 cells treated with 1% DMSO for 4hrs and then stressed with 
sodium arsenite at 125µM for 2hrs. Scale bar = 10µM. All images are of equal magnification 
and brightness and contrast has been adjusted uniformly across the field of view. The images 
are representative of 3 biological replicates. Negative control is in appendix figure 50. 
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Figure 4.2.4. Controls for Stress Granule formation in MCF7 cells. These cells were stained 
with antibodies for G3BP1 (shown in green) and TIA1 (shown in red) to visualise SGs and 
counter-stained with DAPI (blue). (A) Non-stressed (no sodium arsenite treatment) cells showing 
the normal distribution of G3BP (green). (B) Non-stressed cells treated with the vehicle control 
(1% DMSO) for 4hrs. (C) MCF7 cells treated with sodium arsenite at 125µM for 2hrs. (D) MCF7 
cells treated with 1% DMSO for 4hrs and then stressed with sodium arsenite at 125µM for 2hrs. 
Scale bar = 10µM. All images are of equal magnification and brightness and contrast has been 
adjusted uniformly across the field of view. The images are representative of 3 biological 
replicates. Negative control is in appendix figure 51. 
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Figure 4.2.5. Controls for Stress Granule formation in T47D cells. These cells were 
stained with antibodies for G3BP1 (shown in green) and TIA1 (shown in red) to visualise 
SGs and counter-stained with DAPI (blue). (A) Non-stressed (no sodium arsenite treatment) 
cells showing the normal distribution of G3BP (green). (B) Non-stressed cells treated with 
the vehicle control (1% DMSO) for 4hrs. (C) T47D cells treated with sodium arsenite at 
125µM for 2hrs. (D) T47D cells treated with 1% DMSO for 4hrs and then stressed with 
sodium arsenite at 125µM for 2hrs. Scale bar = 10µM. All images are of equal 
magnification and brightness and contrast has been adjusted uniformly across the field of 
view. The images are representative of 3 biological replicates. Negative control is in 
appendix figure 52. 
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Figure 4.2.6. Controls for Stress Granule formation in Vero cells. These cells were stained 
with antibodies for G3BP1 (shown in green) and TIA1 (shown in red) to visualise SGs and 
counter-stained with DAPI (blue). (A) Non-stressed (no sodium arsenite treatment) cells 
showing the normal distribution of G3BP (green). (B) Non-stressed cells treated with the 
vehicle control (1% DMSO) for 4hrs. (C) Vero cells treated with sodium arsenite at 500µM 
for 1hr. (D) Vero cells treated with 1% DMSO for 4hrs and then stressed with sodium arsenite 
at 500µM for 1hr. Scale bar = 10µM. All images are of equal magnification and brightness 
and contrast has been adjusted uniformly across the field of view. The images are 
representative of 3 biological replicates. Negative control is in appendix figure 53. 
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Figure 4.2.7. Controls for Stress Granule formation in HeLa cells. These cells were stained 
with antibodies for G3BP1 (shown in green) and TIA1 (shown in red) to visualise SGs and 
counter-stained with DAPI (blue). (A) Non-stressed (no sodium arsenite treatment) cells showing 
the normal distribution of G3BP (green). (B) Non-stressed cells treated with the vehicle control 
(1% DMSO) for 4hrs. (C) HeLa cells treated with sodium arsenite at 50µM for 1hr. (D) HeLa 
cells treated with 1% DMSO for 4hrs and then stressed with sodium arsenite at 50µM for 1hr. 
Scale bar = 10µM. All images are of equal magnification and brightness and contrast has been 
adjusted uniformly across the field of view. The images are representative of 3 biological 
replicates. Negative control is in appendix figure 54. 
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Figure 4.2.8. Controls for Stress Granule formation in MDAMB231 cells. These cells were 
stained with antibodies for G3BP1 (shown in green) and TIA1 (shown in red) to visualise SGs 
and counter-stained with DAPI (blue). (A) Non-stressed (no sodium arsenite treatment) cells 
showing the normal distribution of G3BP (green). (B) Non-stressed cells treated with the vehicle 
control (1% DMSO) for 4hrs. (C) MDAMB231 cells treated with sodium arsenite at 500µM for 
1hr. (D) MDAMB231 cells treated with 1% DMSO for 4hrs and then stressed with sodium 
arsenite at 500µM for 1hr. Scale bar = 10µM. All images are of equal magnification and 
brightness and contrast has been adjusted uniformly across the field of view. The images are 
representative of 3 biological replicates. Negative control is in appendix figure 55. 
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Figure 4.2.9. Controls for Stress Granule formation in MCF7MDR cells. These cells were 
stained with antibodies for G3BP1 (shown in green) and TIA1 (shown in red) to visualise SGs and 
counter-stained with DAPI (blue). (A) Non-stressed (no sodium arsenite treatment) cells showing 
the normal distribution of G3BP (green). (B) Non-stressed cells treated with the vehicle control 
(1% DMSO) for 4hrs. (C) MCF7MDR cells treated with sodium arsenite at 500µM for 1hr. (D) 
MCF7MDR cells treated with 1% DMSO for 4hrs and then stressed with sodium arsenite at 
500µM for 1hr. Scale bar = 10µM. All images are of equal magnification and brightness and 
contrast has been adjusted uniformly across the field of view. The images are representative of 3 
biological replicates. Negative control is in appendix figure 56. 
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The data obtained from figures 4.2.3-4.2.9 confirmed that the cell culture and treatment 

conditions for SG formation were producing the expected results in HEK293, MCF7, 

T47D, Vero, HeLa, MDAMB231 and MCF7MDR cells. Treatment with 1% DMSO 

(Vehicle Control) did not inhibit the formation of stress granules when stressing with 

sodium arsenite and treating the cells with 1% DMSO alone did not cause the formation 

of stress granules in all cell lines. These controls were performed in each separate 

experiment and were indicative of what the controls looked like for each experiment.  

4.3 RAD112 and stress granule inhibition 

HEK293, MCF7, T47D, Vero, HeLa, MDAMB231 and MCF7MDR cells were treated 

with RAD112 at 50µM for 4hrs and SG formation was visualised by staining with 

G3BP1 and TIA1 (Figures 4.3.1- 4.3.7). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3.1. HEK293 cells treated with RAD112. These cells were stained with antibodies 
for G3BP1 (shown in green) and TIA1 (shown in red) to visualise SGs and counter-stained with 
DAPI (blue). RAD112=HEK293 cells treated with 50µM of RAD112 for 
4hrs. RAD112+SA=HEK293 cells treated with 50µM of RAD112 for 4hrs and stressed with 
125µM of SA for 2hrs.   Scale bar = 10µM. All images are of equal magnification and 
brightness and contrast has been adjusted uniformly across the field of view. The images are 
representative of 3 biological replicates. Negative control is in appendix figure 57. 
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Figure 4.3.2. MCF7 cells treated with RAD112. These cells were stained with antibodies for 
G3BP1 (shown in green) and TIA1 (shown in red) to visualise SGs and counter-stained with 
DAPI (blue). RAD112=MCF7 cells treated with 50µM of RAD112 for 
4hrs. RAD112+SA=MCF7 cells treated with 50µM of RAD112 for 4hrs and stressed with 
125µM of SA for 2hrs.   Scale bar = 10µM. All images are of equal magnification and 
brightness and contrast has been adjusted uniformly across the field of view. The images are 
representative of 3 biological replicates. Negative control is in appendix figure 58. 

Figure 4.3.3. T47D cells treated with RAD112. These cells were stained with antibodies for 
G3BP1 (shown in green) and TIA1 (shown in red) to visualise SGs and counter-stained with 
DAPI (blue). RAD112=T47D cells treated with 50µM of RAD112 for 
4hrs. RAD112+SA=T47D cells treated with 50µM of RAD112 for 4hrs and stressed with 
125µM of SA for 2hrs.   Scale bar = 10µM. All images are of equal magnification and 
brightness and contrast has been adjusted uniformly across the field of view. The images are 
representative of 3 biological replicates. Negative control is in appendix figure 59. 
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Figure 4.3.4. Vero cells treated with RAD112. These cells were stained with antibodies for 
G3BP1 (shown in green) and TIA1 (shown in red) to visualise SGs and counter-stained with 
DAPI (blue). RAD112=Vero cells treated with 50µM of RAD112 for 
4hrs. RAD112+SA=Vero cells treated with 50µM of RAD112 for 4hrs and stressed with 
500µM of SA for 1hr.   Scale bar = 10µM. All images are of equal magnification and 
brightness and contrast has been adjusted uniformly across the field of view. The images are 
representative of 3 biological replicates. Negative control is in appendix figure 60. 

Figure 4.3.5. HeLa cells treated with RAD112. These cells were stained with antibodies 
for G3BP1 (shown in green) and TIA1 (shown in red) to visualise SGs and counter-stained 
with DAPI (blue). RAD112=HeLa cells treated with 50µM of RAD112 for 
4hrs. RAD112+SA=HeLa cells treated with 50µM of RAD112 for 4hrs and stressed with 
50µM of SA for 1hr.   Scale bar = 10µM. All images are of equal magnification and 
brightness and contrast has been adjusted uniformly across the field of view. The images 
are representative of 3 biological replicates. Negative control is in appendix figure 61. 



70 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3.6. MDAMB231 cells treated with RAD112. These cells were stained with 
antibodies for G3BP1 (shown in green) and TIA1 (shown in red) to visualise SGs and 
counter-stained with DAPI (blue). RAD112=MDAMB231 cells treated with 50µM of 
RAD112 for 4hrs. RAD112+SA=MDAMB231 cells treated with 50µM of RAD112 for 4hrs 
and stressed with 500µM of SA for 1hr.   Scale bar = 10µM. All images are of equal 
magnification and brightness and contrast has been adjusted uniformly across the field of 
view. The images are representative of 3 biological replicates. Negative control is in appendix 
figure 62. 

Figure 4.3.7. MCF7MDR cells treated with RAD112. These cells were stained with 
antibodies for G3BP1 (shown in green) and TIA1 (shown in red) to visualise SGs and 
counter-stained with DAPI (blue). RAD112=MCF7MDR cells treated with 50µM of 
RAD112 for 4hrs. RAD112+SA=MCF7MDR cells treated with 50µM of RAD112 for 4hrs 
and stressed with 500µM of SA for 1hr.   Scale bar = 10µM. All images are of equal 
magnification and brightness and contrast has been adjusted uniformly across the field of 
view. The images are representative of 3 biological replicates. Negative control is in appendix 
figure 63. 
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Treatment with 50µM of RAD112 and subsequent stress with SA in HEK293, T47D, 

HeLa and MCF7MDR cells did not appear to disrupt SG formation (Figure 4.3.1B, 

4.3.3B, 4.3.5B and 4.3.7B respectively) when compared to the control (Figure 4.2.1D, 

4.2.3D, 4.2.5D and 4.2.7D respectively). There appeared to be a reduction in the amount 

of SGs in MDAMB231 cells (Figure 4.3.6B) after treatment with RAD112 and 

subsequent stress with SA when compared to the control (Figure 4.3.6D). Treatment 

with RAD112 and stress with SA appeared to inhibit the formation of SGs in MCF7 and 

Vero cells (Figure 4.3.2B and 4.3.4B) when compared to the controls in figure 4.2.2D 

and 4.2.4D. 

Interestingly, treatment with RAD112 alone appeared to induce the expression of SGs 

in HEK293 cells as shown in figure 4.2.1A when compared to the control in figure 

4.2.1B. Treatment with RAD112 alone in T47D and HeLa cells resulted in the 

formation of small SGs as shown in figures 4.3.3A and 4.3.5A when compared to the 

controls (Figure 4.2.3B and 4.2.5B). Treatment with RAD112 in MCF7, Vero, 

MDAMB231 and MCF7MDR cells showed no difference (Figures 4.3.2B, 4.3.4B, 

4.3.6B and 4.3.7B) when compared to the controls in figures 4.2.2B, 4.2.4B, 4.2.6B and 

4.2.7B. 

In conclusion, it appeared that RAD112 was having an effect on the amount of SG 

formation in MCF7, Vero and MDAMB231 cells, in particular MCF7 and Vero cells, as 

it appeared there were no SGs present.  

4.4 Operetta analysis of SGs after treatment with RAD112 

To determine if RAD112 was decreasing the amount of SGs being formed, all cell lines 

were treated with RAD112 for 4hrs at 50µM and then stressed with SA for their 

optimum time concentration in a 96-well plate. These cells were then fixed and stained 

with an antibody against G3BP1 and DAPI and subsequently imaged using the 

Operetta. Data captured by the Operetta was subsequently analysed using Harmony 

high content imaging software.  In brief, the Harmony high content imaging software 

was trained to identify structures that were determined to be SGs.  This was done 

through multiple iterations of allowing the software to identify intense structures stained 

by G3BP1 and then manually confirming the structures by assessing the resultant 

images. The parameters within the software were optimised until the structures 
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identified by the software matched the structures identified by the operator (i.e. 

structures that stained positive for G3BP1 and TIA-1 as described in chapter 3).  The 

data from the Harmony high content imaging software was then represented as the 

average number of SGs per cell and compared to the negative controls (non-treated and 

DMSO treated cells) and the positive controls (SA treated and DMSO+SA treated 

cells).  Figure 4.4.1 shows the results of the Harmony high content imaging software 

analysis. 
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Figure 4.4.1. Operetta analysis of SGs after treatment with RAD112. Data comparing the number of 
SG after treatments N=wild-types for the indicated panel, DMSO=1% DMSO for 4hrs (vehicle control), 
SA=SA treatment as indicated below for each panel, DMSO+SA=treatment with 1% DMSO and SA as 
indicated for each panel, RAD112=treatment with RAD112 as indicated and RAD112+SA=treatment 
with RAD112 and subsequent stress with SA as indicated (A) HEK293: SA=treatment with 125µM of 
SA for 2hrs, RAD112= treatment with 50µM of RAD112 for 4hrs. (B) MCF7: SA= treatment with 
125µM of SA for 2hrs, RAD112= treatment with 50µM of RAD112 for 4hrs. (C) T47D: SA= treatment 
with 125µM of SA for 2hrs, RAD112= treatment with 50µM of RAD112 for 4hrs. (D) Vero cells: SA= 
treatment with 500µM of SA for 2hrs, RAD112= treatment with 50µM of RAD112 for. (E) HeLa SA= 
treatment with 50µM of SA for 1hr, RAD112= treatment with 50µM of RAD112 for 4hrs. (F) 
MDAMB231: SA= treatment with 500µM of SA for 1hr, RAD112= treatment with 50µM of RAD112 
for 4hrs (G) MCF7MDR: SA= treatment with 500µM of SA for 1hr, RAD112= treatment with 50µM of 
RAD112 for 4hrs. N=3. NS= non-significant (p>0.05). *=p<0.05 

* * 

* 
* * 

NS 

NS 
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Treatment with 50µM of RAD112 and subsequent stress with SA in HEK293 cells 

showed a decrease in the average number of SGs. However, no significant difference in 

the number of SGs was observed when compared to the control (DMSO+SA) (Figure 

4.4.1A). Treatment with 50µM of RAD112 alone in HEK293 cells showed a slight 

increase in the number of SGs but no significant difference in the average number of 

stress granules was found when compared to the control (DMSO) (Figure 4.4.1A).  

 

Treatment with 50µM of RAD112 and subsequent stress with SA in MCF7 cells 

showed a significant decrease in the average number of SGs when compared to the 

control (DMSO+SA) (Figure 4.4.1B). There was no significant change found in 

treatment with RAD112 alone, when compared to the control (DMSO) as shown in 

figure 4.4.1B. 

T47D cells displayed a significant decrease in the average number of SGs when treated 

with RAD112 and stressed with SA when compared to the control DMSO+SA as seen 

in figure 4.4.1C. A decrease in the average number of SGs was observed after treatment 

with RAD112. However, there was no significant difference observed when compared 

to the control (Figure 4.4.1C).  

Vero cells also showed a significant decrease in the amount of SG formation after 

treatment with 50µM of RAD112 and subsequent stress with SA when compared to the 

control (Figure 4.4.1D). Treatment with RAD112 alone did not cause the formation of 

SGs when compared to the control as shown in figure 4.4.1D. 

Treatment with 50µM of RAD112 and subsequent stress with SA in HeLa cells caused 

a decrease in the formation of SGs when compared to the control (Figure 4.4.1E). 

Treatment with RAD112 alone appeared to cause an increase in SG formation when 

compared to DMSO treated cells as seen in figure 4.4.1E. 

MDAMB231 cells also showed a significant decrease in the formation of SGs when 

compared to the control after treatment with RAD112 at 50µM and subsequent stress 

with SA as shown in figure 4.4.1F. Treatment with RAD112 alone did not show a 

significant increase in the formation of SGs when compared to DMSO treated cells 

(Figure 4.4.1F). 
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MCF7MDR cells did not show a significant decrease in the average number of SGs 

after treatment with RAD112 and SA when compared to the control (Figure 4.4.1G). 

Treatment with RAD112 appeared to show an increase in the number of SGs, however, 

no significant difference was found when compared to the DMSO treated cells as shown 

in figure 4.4.1G. A summary of the average number of SGs per cell in all cell lines after 

treatment with RAD112, and indications of a significant decrease in the SGs when 

compared to the control (DMSO+SA) can be found in Table 4.1 below. 

 

  Average number of SGs 
Cell lines DMSO+SA RAD112 50µM+SA 
HEK293 5.9 4.2 
MCF7 2.1 0.9* 
T47D 6.9 4.4* 
Vero 3.5 0.7* 
HeLa 2.8 1.1* 

MDAMB231 2.5 1.1* 
MCF7MDR 3.7 5.3 

 

 

4.5 Psammaplysin F and stress granule inhibition 

HEK293, MCF7, T47D, Vero, HeLa, MDAMB231 and MCF7MDR cells were treated 

with psammaplysin F at 50µM for 4hrs and stress granule formation was visualised by 

staining with G3BP1 and TIA1. However, treatment with psammaplysin F at 50µM 

resulted in cell death as no cells were visualised on the coverslips (data not shown), 

therefore, a titration of 10, 20 and 30µM was used and all cells were stained with 

G3BP1 and TIA1 to visualise SGs (Figures 4.5.1- 4.5.7). 

 

 

 

 

* indicates a significant decrease in the average number of SGs per cell 
when compared to the control (DMSO+SA), where p<0.05. 

Table 4.1. Significant decreases in the average number of SGs after 
treatment with RAD112. 
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Figure 4.5.1. HEK293 cells treated with psammaplysin F. These cells were stained with antibodies for 
G3BP1 (shown in green) and TIA1 (shown in red) to visualise SGs and counter-stained with DAPI 
(blue). (A) HEK293 cells were treated with 10µM of psammaplysin F for 4hrs. (B) HEK293 cells were 
treated with 10µM of psammaplysin F for 4hrs and then stressed with 125µM of SA for 2hrs. (C) 
HEK293 cells were treated with 20µM of psammaplysin F for 4hrs. (D) HEK293 cells were treated with 
20µM of psammaplysin F for 4hrs and then stressed with 125µM of SA for 2hrs. (E) HEK293 cells were 
treated with 30µM of psammaplysin F for 4hrs. (F) HEK293 cells were treated with 30µM of 
psammaplysin F for 4hrs and then stressed with 125µM of SA for 2hrs. Scale bar = 10µM. All images 
are of equal magnification and brightness and contrast has been adjusted uniformly across the field of 
view. The images are representative of 3 biological replicates. Negative control is in appendix figure 57. 
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Figure 4.5.2. MCF7 cells treated with psammaplysin F. These cells were stained with antibodies for 
G3BP1 (shown in green) and TIA1 (shown in red) to visualise SGs and counter-stained with DAPI 
(blue). (A) MCF7 cells were treated with 10µM of psammaplysin F for 4hrs. (B) MCF7 cells were 
treated with 10µM of psammaplysin F for 4hrs and then stressed with 125µM of SA for 2hrs. (C) 
MCF7 cells were treated with 20µM of psammaplysin F for 4hrs. (D) MCF7 cells were treated with 
20µM of psammaplysin F for 4hrs and then stressed with 125µM of SA for 2hrs. (E) MCF7 cells were 
treated with 30µM of psammaplysin F for 4hrs. (F) MCF7 cells were treated with 30µM of 
psammaplysin F for 4hrs and then stressed with 125µM of SA for 2hrs. Scale bar = 10µM. All images 
are of equal magnification and brightness and contrast has been adjusted uniformly across the field of 
view. The images are representative of 3 biological replicates. Negative control is in appendix figure 58. 
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Figure 4.5.3. T47D cells treated with psammaplysin F. These cells were stained with antibodies for 
G3BP1 (shown in green) and TIA1 (shown in red) to visualise SGs and counter-stained with DAPI 
(blue). (A) T47D cells were treated with 10µM of psammaplysin F for 4hrs. (B) T47D cells were treated 
with 10µM of psammaplysin F for 4hrs and then stressed with 125µM of SA for 2hrs. (C) T47D cells 
were treated with 20µM of psammaplysin F for 4hrs. (D) T47D cells were treated with 20µM of 
psammaplysin F for 4hrs and then stressed with 125µM of SA for 2hrs. (E) T47D cells were treated with 
30µM of psammaplysin F for 4hrs. (F) T47D cells were treated with 30µM of psammaplysin F for 4hrs 
and then stressed with 125µM of SA for 2hrs. Scale bar = 10µM. All images are of equal magnification 
and brightness and contrast has been adjusted uniformly across the field of view. The images are 
representative of 3 biological replicates. Negative control is in appendix figure 59. 
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Figure 4.5.4. Vero cells treated with psammaplysin F. These cells were stained with antibodies for 
G3BP1 (shown in green) and TIA1 (shown in red) to visualise SGs and counter-stained with DAPI 
(blue). (A) Vero cells were treated with 10µM of psammaplysin F for 4hrs. (B) Vero cells were treated 
with 10µM of psammaplysin F for 4hrs and then stressed with 500µM of SA for 1hr. (C) Vero cells 
were treated with 20µM of psammaplysin F for 4hrs. (D) Vero cells were treated with 20µM of 
psammaplysin F for 4hrs and then stressed with 500µM of SA for 1hr. (E) Vero cells were treated with 
30µM of psammaplysin F for 4hrs. (F) Vero cells were treated with 30µM of psammaplysin F for 4hrs 
and then stressed with 500µM of SA for 1hr. Scale bar = 10µM. All images are of equal magnification 
and brightness and contrast has been adjusted uniformly across the field of view. The images are 
representative of 3 biological replicates. Negative control is in appendix figure 60. 
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Figure 4.5.5. HeLa cells treated with psammaplysin F. These cells were stained with antibodies for 
G3BP1 (shown in green) and TIA1 (shown in red) to visualise SGs and counter-stained with DAPI 
(blue). (A) HeLa cells were treated with 10µM of psammaplysin F for 4hrs. (B) HeLa cells were treated 
with 10µM of psammaplysin F for 4hrs and then stressed with 50µM of SA for 1hr. (C) HeLa cells 
were treated with 20µM of psammaplysin F for 4hrs. (D) HeLa cells were treated with 20µM of 
psammaplysin F for 4hrs and then stressed with 50µM of SA for 1hr. (E) HeLa cells were treated with 
30µM of psammaplysin F for 4hrs. (F) HeLa cells were treated with 30µM of psammaplysin F for 4hrs 
and then stressed with 50µM of SA for 1hr. Scale bar = 10µM. All images are of equal magnification 
and brightness and contrast has been adjusted uniformly across the field of view. The images are 
representative of 3 biological replicates. Negative control is in appendix figure 61. 
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Figure 4.5.6. MDAMB231 cells treated with psammaplysin F. These cells were stained with 
antibodies for G3BP1 (shown in green) and TIA1 (shown in red) to visualise SGs and counter-stained 
with DAPI (blue). (A) MDAMB231 cells were treated with 10µM of psammaplysin F for 4hrs. (B) 
MDAMB231 cells were treated with 10µM of psammaplysin F for 4hrs and then stressed with 500µM 
of SA for 1hr. (C) MDAMB231 cells were treated with 20µM of psammaplysin F for 4hrs. (D) 
MDAMB231 cells were treated with 20µM of psammaplysin F for 4hrs and then stressed with 500µM 
of SA for 1hr. (E) MDAMB231 cells were treated with 30µM of psammaplysin F for 4hrs. (F) 
MDAMB231 cells were treated with 30µM of psammaplysin F for 4hrs and then stressed with 500µM 
of SA for 1hr. Scale bar = 10µM. All images are of equal magnification and brightness and contrast has 
been adjusted uniformly across the field of view. The images are representative of 3 biological 
replicates. Negative control is in appendix figure 62. 
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Figure 4.5.7. MCF7MDR cells treated with psammaplysin F. These cells were stained with 
antibodies for G3BP1 (shown in green) and TIA1 (shown in red) to visualise SGs and counter-stained 
with DAPI (blue). (A) MCF7MDR cells were treated with 10µM of psammaplysin F for 4hrs. (B) 
MCF7MDR cells were treated with 10µM of psammaplysin F for 4hrs and then stressed with 500µM 
of SA for 1hr. (C) MCF7MDR cells were treated with 20µM of psammaplysin F for 4hrs. (D) 
MCF7MDR cells were treated with 20µM of psammaplysin F for 4hrs and then stressed with 500µM 
of SA for 1hr. (E) MCF7MDR cells were treated with 30µM of psammaplysin F for 4hrs. (F) 
MCF7MDR cells were treated with 30µM of psammaplysin F for 4hrs and then stressed with 500µM 
of SA for 1hr. Scale bar = 10µM. All images are of equal magnification and brightness and contrast has 
been adjusted uniformly across the field of view. The images are representative of 3 biological 
replicates. Negative control is in appendix figure 63. 
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Treatment with psammaplysin F at 10µM and subsequent stress with SA in HEK293 

cells did not appear to have inhibited the formation of SGs (Figure 4.5.1B) when 

compared to the control (Figure 4.5.1D). Psammaplysin F alone at 10µM did not appear 

to cause the formation of SGs (Figure 4.5.1A) when compared to the control in figure 

4.2.1B. Treatment with psammaplysin F at 20µM and subsequent stress with SA 

(Figure 4.5.1D) did not appear to cause a decrease in the SGs when compared to the 

control (Figure 4.5.1D) and treatment with 20µM of psammaplysin F alone appeared to 

cause formation of a small number of SGs (Figure 4.5.1C) when compared to DMSO 

treated cells in figure 4.2.1B). 30µM of psammaplysin and stress with SA appeared to 

reduce the amount of SGs in HEK293 cells shown in figure 4.5.1F when compared to 

cells treated with DMSO and SA in figure 4.2.1D. Psammaplysin F treatment at 30µM 

alone appeared to cause formation of SGs as shown in figure 4.5.1E when compared to 

the control in figure 4.2.1B.  In addition, the integrity of the cells treated with 30uM 

appears to be compromised and most likely is causing cell death. 

Treatment with 10 and 20µM of psammaplysin F alone in MCF7 cells appeared to not 

cause the formation of SGs (Figure 4.5.2A and C) when compared to DMSO treated 

cells in figure 4.2.2B. However, treatment with 30µM of psammaplysin F alone 

appeared to cause formation of SGs in MCF7 cells (Figure 4.5.2E) when compared to 

the control in figure 4.2.2B. Treatment with 10µM of psammaplysin F and subsequent 

stress with SA did not appear to inhibit the formation of SGs (Figure 4.5.2B) when 

compared to DMSO and SA treated cells (Figure 4.2.2D). Treatment with 20µM and 

30µM of psammaplysin F and stress with SA appeared to inhibit the formation of SGs 

in MCF7 cells (Figure 4.5.2) when compared to the control in figure 4.2.2D. 

Psammaplysin F treatment at 10, 20 and 30µM in T47D cells appeared to cause the 

formation of SGs (Figure 4.5.3A, C and E) when compared to DMSO treated cells in 

figure 4.2.3B. Treatment with 10 and 20µM of psammaplysin F and subsequent stress 

with SA in T47D cells appeared to have a slight reduction in the formation of SGs 

(Figure 4.5.3B and D) when compared to cells treated with DMSO and SA (Figure 

4.2.3D). 30µM of psammaplysin F and subsequent stress with SA appeared to have the 

most effect on SG formation as there appeared to be no SGs present (Figure 4.5.3F) 

when compared to the control cells in figure 4.2.3D. 
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Treatment with 10, 20 and 30µM of psammaplysin F in Vero cells did not appear to 

cause SG formation (Figure 4.5.4A, C and E) when compared to DMSO treated cells 

(Figure 4.2.4B). Treatment with 10µM of psammaplysin F and subsequent stress with 

SA did not cause the inhibition of SGs in Vero cells (Figure 4.5.4B) when compared to 

the control (Figure 4.2.4D). However, treatment with 20 and 30µM of psammaplysin F 

and subsequent stress with SA appeared to disrupt the formation of SGs (Figure 4.5.4D 

and F) when compared to cells treated with DMSO and SA as shown in figure 4.2.4D. 

In HeLa cells treatment with 10, 20 and 30µM of psammaplysin F also appeared to 

show no SG formation (Figure 4.5.5A, C and E) when compared to DMSO treated cells 

in figure 4.2.5B. Treatment with 10 and 20µM of psammaplysin F and subsequent stress 

with SA did not appear to disrupt the formation of SGs (Figure 4.5.5B and D) when 

compared to HeLa cells treated with DMSO and SA (Figure 4.2.5D). The amount of 

SGs appeared to be decreased after treatment with 30µM of psammaplysin F and stress 

with SA (Figure 4.5.5F) when compared to the control (Figure 4.2.5D). 

Treatment with 10 and 20µM of psammaplysin F alone in MDAMB231 cells resulted in 

no formation of SGs (Figure 4.5.6A and C) when compared to DMSO treated cells 

(Figure 4.2.6B). However, treatment with psammaplysin F at 30µM resulted in the 

formation of small SGs (Figure 4.5.6E) when compared to the control as shown in 

figure 4.2.6B. Treatment with 10µM of psammaplysin F and subsequent stress with SA 

did not appear to disrupt the formation of SGs (figure 4.5.6B) when compared to the 

control (Figure 4.2.6D). However, treatment with 20 and 30µM of psammaplysin F and 

subsequent stress with SA appeared to disrupt the formation of SGs (Figure 4.5.6D and 

F) when compared to cells treated with DMSO and SA as shown in figure 4.2.6D. 

In MCF7MDR cells treatment with 10µM of psammaplysin F did not cause the 

formation of SGs (Figure 4.5.7A) when compared to DMSO treated cells as shown in 

figure 4.2.7B. However, treatment with 10 and 20µM of psammaplysin F caused the 

formation of SGs as shown in figure 4.5.7C and E when compared to the control in 

figure 4.2.7B. Treatment with 10, 20 and 30µM of psammaplysin F and stress with SA 

did not disrupt the formation of SGs as shown in figure 4.5.7B, D and F when compared 

to the control (Figure 4.2.7D). However, it did appear that the number of SGs may be 

reduced after treatment with 30µM of psammaplysin F and stress with SA as seen in 
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figure 4.5.7F when compared to DMSO and SA treated MCF7MDR cells in figure 

4.2.7D. 

4.6 Operetta analysis of SGs after treatment with psammaplysin F 

To determine if psammaplysin F was decreasing the amount of SGs being formed, all 

cell lines were treated with psammaplysin F for 4hrs at 10, 20 and 30µM and then 

stressed with sodium arsenite for their optimum time concentration in a 96-well plate. 

These cells were then fixed and stained with an antibody against G3BP1 and DAPI, 

imaged using the Operetta and analysed using Harmony high content imaging software 

(Fig 4.6.1). 
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HEK293 cells did not show a significant difference in the average number of SGs per 

cell after treatment with 10, 20 and 30µM of psammaplysin F and stress with SA 

(Figure 4.6.1A) when compared to DMSO and SA treated cells. No significant 

difference was found between DMSO treated HEK293 cells and cells treated with 10, 

20 and 30µM of psammaplysin F alone (Figure 4.6.1A). 

MCF7 cells did not show a significant difference in the average number of SGs per cell 

after treatment with 10, 20 and 30µM of psammaplysin F when compared to the control 

(DMSO) as seen in figure 4.6.1B. There was also no significant difference in the 

number of SGs per cell after treatment with 10µM of psammaplysin F and SA stress 

when compared to MCF7 cells treated with DMSO and SA (Figure 4.6.1B). A 

significant difference in the number of SGs per cell was observed in MCF7 cells after 

treatment with 20 and 30µM of psammaplysin F and subsequent stress with SA when 

compared to the control as seen in figure 4.6.1B. 

Treatment with 10µM of psammaplysin F in T47D cells did not show a significant 

decrease in the number of SGs per cell when compared to DMSO treated cells (Figure 

4.6.1). However, a significant increase was observed in the average number of SGs per 

Figure 4.6.1. Operetta analysis of SGs after treatment with psammaplysin F. Data comparing the 
number of SG after treatments N=wild-types for the indicated panel, DMSO=1% DMSO for 4hrs 
(vehicle control), SA=SA treatment as indicated below for each panel, DMSO+SA=treatment with 1% 
DMSO and SA as indicated for each panel, psammaplysin F 10, 20 or 30µM=treatment with 
psammaplysin F as indicated, psammaplysin F 10, 20 or 30µM+SA=treatment with psammaplysin F 
and subsequent stress with SA as indicated. (A) HEK293: SA=treatment with 125µM of SA for 2hrs, 
psammaplysin F= treatment with 10, 20 or 30µM of psammaplysin F for 4hrs as indicated, 
psammaplysin F+SA= treatment with 10, 20 or 30µM of psammaplysin F for 4hrs and 125µM of SA for 
2hrs as indicated. (B) MCF73: SA=treatment with 125µM of SA for 2hrs, psammaplysin F= treatment 
with 10, 20 or 30µM of psammaplysin F for 4hrs as indicated, psammaplysin F+SA= treatment with 10, 
20 or 30µM of psammaplysin F for 4hrs and 125µM of SA for 2hrs as indicated. (C) T47D: 
SA=treatment with 125µM of SA for 2hrs, psammaplysin F= treatment with 10, 20 or 30µM of 
psammaplysin F for 4hrs as indicated, psammaplysin F+SA= treatment with 10, 20 or 30µM of 
psammaplysin F for 4hrs and 125µM of SA for 2hrs as indicated. (D) Vero: SA=treatment with 125µM 
of SA for 2hrs, psammaplysin F= treatment with 10, 20 or 30µM of psammaplysin F for 4hrs as 
indicated, psammaplysin F+SA= treatment with 10, 20 or 30µM of psammaplysin F for 4hrs and 
500µM of SA for 1hr as indicated. (E) HeLa: SA=treatment with 125µM of SA for 2hrs, psammaplysin 
F= treatment with 10, 20 or 30µM of psammaplysin F for 4hrs as indicated, psammaplysin F+SA= 
treatment with 10, 20 or 30µM of psammaplysin F for 4hrs and 50µM of SA for 1hr as indicated  (F) 
MDAMB231: SA=treatment with 125µM of SA for 2hrs, psammaplysin F= treatment with 10, 20 or 
30µM of psammaplysin F for 4hrs as indicated, psammaplysin F+SA= treatment with 10, 20 or 30µM 
of psammaplysin F for 4hrs and 500µM of SA for 1hr as indicated. (G) MCF7MDR: SA=treatment with 
500µM of SA for 1hr, psammaplysin F= treatment with 10, 20 or 30µM of psammaplysin F for 4hrs as 
indicated, psammaplysin F+SA= treatment with 10, 20 or 30µM of psammaplysin F for 4hrs and 
500µM of SA for 1hr as indicated.  N=3. NS= non-significant (p>0.05). *=p<0.05 
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cell after treatment with 20 and 30µM of psammaplysin F when compared to the control 

(Figure 4.6.1C). Treatment of 10, 20 and 30µM of psammaplysin F and subsequent 

stress with SA on T47D cells resulted in a significant decrease in the average number of 

SGs per cell when compared to DMSO and SA treated cells. 

Treatment with 10, 20 and 30µM of psammaplysin F on Vero cells appeared to cause an 

increase in the average number of SGs per cell, however, there was no significant 

difference between cells treated with psammaplysin F and the control DMSO treated 

cells (Figure 4.6.1D). Treatment with 10µM of psammaplysin F and subsequent stress 

with SA appeared to cause a decrease in the average number of SGs per cell, however, 

there was also no significant difference between the psammaplysin F and SA treated 

cells and the control. Treatment with 20 and 30µM of psammaplysin F and stress with 

sodium arsenite cause significant decrease in the average number of SGs per cell when 

compared to the DMSO and SA treated cells as shown in figure 4.6.1D.  

Treatment with 10, 20 and 30µM of psammaplysin F in Hela cells did not show a 

significant difference between the psammaplysin F treated cells and DMSO treated 

control cells as seen in figure 4.6.1E. Treatment with 10, 20 and 30µM of 

psammaplysin F and subsequent stress with SA resulted in a significant decrease in the 

average amount of SGs per cell when compared to the control DMSO and SA treated 

cells (Figure 4.6.1E). 

MDAMB231 cells appeared to show an increase in the average number of SGs per cell 

after treatment with 30µM of psammaplysin F, however, no significant difference was 

observed in cells treated with 10, 20 or 30µM of psammaplysin F alone when compared 

to the DMSO control (Figure 4.6.1F). Interestingly, treatment with 10 and 30µM of 

psammaplysin F and subsequent stress with SA did not show a significant difference in 

the average number of SGs per cell when compared to DMSO and SA treated cells, but 

a significant decrease was observed in MDAMB231 cells that had been treated with 

20µM of psammaplysin F and stressed with SA when compared to the control (Figure 

4.6.1F). 

Treatment with 20 and 30µM of psammaplysin F in MCF7MDR cells showed a 

significant increase in the average number of SGs per cell when compared to DMSO 

treated cells as shown in figure 4.6.1G. Treatment with 10µM of psammaplysin F in 
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Cell lines DMSO+SA Psammaplyisn F 10µM+SA Psammaplyisn F 20µM+SA Psammaplyisn F 30µM+SA
HEK293 5.9 4.7 4.8 5.2
MCF7 2.1 1.7 1.3* 1.1*
T47D 6.9 4.6* 3.9* 3.1*
Vero 3.5 2.4 1.1* 1.5*
HeLa 2.8 1.3* 0.5* 0.5*

MDAMB231 2.5 2.1 1.3* 1.5
MCF7MDR 3.7 4.4 3.8 5.7

Average number of SGs

MCF7MDR did not show a significant increase in the average number of SGs per cell 

when compared to the control. Treatment with 10, 20 and 30µM of psammaplysin F and 

subsequent stress with SA did not show a significant decrease in the average number of 

SGs per cell when compared to DMSO and SA treated cells as seen in figure 4.6.1G. A 

summary of the average number of SGs per cell in all cell lines after treatment with 

psammaplysin F, and indications of a significant decrease in the SGs when compared to 

the control (DMSO+SA) can be found in Table 4.2 below. 

 

 

 

4.7 Discussion 

In conclusion, RAD112 and psammaplysin F appeared to be disrupting SG formation 

after analysis using the Operetta. Treatment with RAD112 at 50µM for 4hrs and 

subsequent stress with SA in MCF7, T47D, Vero, HeLa and MDAMB231 cells 

appeared to disrupt the formation of SGs when compared to DMSO and SA treated 

cells. There was no difference found between RAD112 and SA treated HEK293 and 

MCF7MDR cells when compared to the control. Psammaplysin F was the second 

compound identified that disrupted SG formation. Treatment with 10, 20 and 30µM of 

psammaplysin F and subsequent stress decreased the formation of SGs in T47D and 

HeLa cells when compared to the control. Treatment with 20 and 30µM of 

psammaplysin F and subsequent stress with SA significantly decrease the average 

number of SGs per cell in MCF7 and Vero cells when compared to the control. 

MDAMB231 cells showed a significant decrease in the average number of SGs per cell 

after treatment with only 20µM of psammaplysin F and stress with SA when compared 

* indicates a significant decrease in the average number of SGs per cell when compared to the control 
(DMSO+SA), where p<0.05. 

Table 4.2. Significant decreases in the average number of SGs after treatment with psammaplysin 
F. 
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to DMSO and SA treated cells. HEK293 and MCF7MDR cells did not show any 

decrease in SG formation after treatment with psammaplysin F.  

As a result of RAD112 and psammaplysin F exhibiting the ability to disrupt SG 

formation, the mechanism of action of these compounds in regards to disrupting SG 

formation will be explored in the next chapter. 
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5.1 Introduction 

Stress granules (SGs) are ribonucleoprotein particles that form in the cytoplasm of cells 

when translation is impaired (Buchan et al., 2009). Translation initiation can be 

impaired through many pathways including exposure to compounds that inhibit 

translation initiation (Dang et al., 2006; Mazroui et al., 2006), overexpression of some 

RNA-binding proteins such as TIA-1 and G3BP1 (Anderson et al., 2015; Bounedjah et 

al., 2014) and in response to stressors to the cell. Stressors to the cell cause the 

inhibition of translation and subsequent SG formation and include cold shock, UV 

radiation, hypoxia, proteasome inhibition and oxidative stress (Anderson et al., 2006; 

Kedersha et al., 1999; Mazroui et al., 2006).  

The most well documented pathway that induces SGs via translation inhibition involves 

the phosphorylation of eIF2α. The phosphorylation of eIF2α results in the reduction of 

the eIF2-GTP-tRNAi
Met ternary complex (Gilks et al., 2004; Kedersha et al., 2000; 

McInerney et al., 2005). This complex is required for the initiator tRNA to load onto the 

40S ribosomal subunit and interact with other core translation initiation factors to form 

the pre-initiation complex and initiate translation (Gilks et al., 2004). The 

phosphorylation of eIF2α as a result of stress to cells can cause the formation of SGs, 

therefore, inhibiting this process can result in the inhibition of SGs. Fournier et al., 

inhibited the phosphorylation of eIF2α by knock down of HRI, a kinase that 

phosphorylates eIF2α upon exposure to oxidative stress. The knock down cells were 

treated with bortezomib, a proteasome inhibitor that causes the formation of SGs 

resulted in an increase in efficacy to bortezomib when compared to normal cells treated 

with bortezomib (Fournier et al., 2010). 

In addition to strategies that block SG formation, there are mechanisms that inhibit SG 

maturation and this is achieved through the disruption of microtubules. Microtubules 

are required for SGs to form as the individual components required for maturation of 

SGs travel along microtubules and can fuse together to form large SGs (Ivanov et al., 

2003; Nadezhdina et al., 2010). When the microtubules are disrupted, SGs and their 

components can only move through simple diffusion and only form small SGs (Chernov 

et al., 2009). The function behind small SGs remains unclear however, it is 

hypothesised that large SGs contain more regulatory proteins for the cell to survive the 

stress response (Nadezhdina et al., 2010). Therefore, disrupting the formation of SGs or 
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inhibiting the ability of SGs to mature, and treating cells with chemotherapeutics that 

induce the formation of SGs, may cause an increase in the efficacy of a 

chemotherapeutic and provide a novel approach in the treatment of cancer. 

In the previous chapter two compounds were identified, RAD112 and psammaplysin F, 

that affected the formation of SGs. The formation of stress granules is a multi-step 

process and compounds that block SGs could interfere with one or more of these steps 

(Figure 5.1.1). Therefore, this chapter contains experiments to determine the mechanism 

of action of RAD112 and psammaplysin F. This will be achieved by determining if 

RAD112 and psammaplysin F are disrupting the formation of SGs by confocal imaging 

of alpha tubulin, to stain for microtubules, and G3BP1 for the presence of SGs. The 

inhibition of phosphorylation of eIF2α will also be examined by western blot, as this is 

the most common pathway through which SGs are formed during oxidative stress (SA 

treatment). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1.1. Multiple processes cause the formation of SGs. Blue = nucleus of the cell, 
green = SGs. (1) The phosphorylation of eIF2α by kinases as a result of cellular stress causes 
the formation of SGs. (2) The phosphorylation of G3BP1 results in G3BP1 being located to 
SGs. (3) The self-aggregation of RNA-binding proteins G3BP1 and TIA1 result in the 
formation of SGs. (4) Overexpression of G3BP1 results in the formation of SGs. (5) 
Silencing/inhibiting translation such as heat shock causes the formation of SGs. 
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5.2 RAD112 and psammaplysin F and microtubule inhibition 

RAD112 belongs to the chalcone structure class, which is known to cause disruption of 

microtubules through interaction with the binding site of tubulin (Martel-Frachet et al., 

2015). Mature stress granules form by recruiting components which travel along 

microtubules to allow immature stress granules to mature (Ivanov et al., 2003; 

Nadezhdina et al., 2010). As RAD112 belongs to a class which is known to cause 

microtubule disruption and RAD112 appeared to be disrupting SGs (Chapter 4), the 

next experiment was to look for the inhibition of microtubules after treatment with 

RAD112. Psammaplysin F was also disrupting SGs (Chapter 4), therefore, the effect of 

psammaplysin F on microtubules was also examined. Confocal imaging was performed 

to determine if RAD112 and psammaplysin F were disrupting microtubule formation. 

HEK293, MCF7 and T47D cells were double stained with G3BP1 and α-tubulin to 

determine if the microtubules were being inhibited. However, these cell lines used in the 

preliminary imagining have a small volume of cytoplasm and a dense network of 

microtubules. It was not possible to image the microtubules with enough resolution to 

determine if they were being disrupted as a result of the treatments (Appendix figures 

64-72). Therefore, Vero cells were used as they have a large cytoplasm and the 

microtubules can be visualised clearly. The following experiments were not performed 

in HeLa, MDAMB231 and MCF7MDR cells and the results are only shown for Vero 

cells. 

Vero cells were treated with RAD112 and psammaplysin F, as described in the SG 

assay in chapter 4. These cells were also stressed with SA according to the optimum 

time and concentration as determined in chapter 3. Figure 5.2.1 shows the control where 

DMSO was used to determine if it could have any influence on microtubule disruption. 

The results of the microtubule disruption assay are shown in figures 5.2.2 and 5.2.3 for 

RAD112 and psammaplysin F respectively. 
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Figure 5.2.1. Controls for SG and microtubule formation in Vero cells. These cells were 
stained with antibodies for G3BP1 (shown in green) to visualise SGs and α-tubulin (shown in red) 
to visualise microtubules and counter-stained with DAPI (blue). (A) Normal=Wild-type Vero 
cells. (B) DMSO= Vero cells treated with 1% of DMSO for 4hrs. (C) SA=Vero cells treated with 
125µM of SA for 2hrs. (D) DMSO+SA= Vero cells treated with 1% DMSO for 4hrs and then 
stressed with 125µM of SA for 2hrs. (E) Increased magnification of microtubules in wildtype 
Vero cells. (F) Increased magnification of microtubules in DMSO treated cells. (G) Increased 
magnification of microtubules in SA treated cells. (H) Increased magnification of microtubules in 
DMSO and SA treated cells. Scale bar = 10µM. All images are of equal magnification and 
brightness and contrast has been adjusted uniformly across the field of view. The images are 
representative of 3 biological repeats. Negative Controls are in Appendix Figure 73. 
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Figure 5.2.2. RAD112 treatment on microtubule formation in Vero cells. Cells were stained 
with antibodies for G3BP1 (shown in green) to visualise SGs and α-tubulin (shown in red) to 
visualise microtubules and counter-stained with DAPI (blue). (A) Vero cells treated with 50µM 
of RAD112 for 4hrs. (B) Vero cells treated with 50µM of RAD112 for 4hrs and stressed with 
500µM SA for 1hr. (C) Increased magnification of microtubules in cells treated with 50µM of 
RAD112 for 4hrs. (D) Increased magnification of microtubules in cells treated with 50µM of 
RAD112 for 4hrs and stressed with 500µM of SA for 1hr. Scale bar = 10µM. All images are of 
equal magnification and brightness and contrast has been adjusted uniformly across the field of 
view. The images are representative of 3 biological repeats. Negative Controls are in Appendix 
Figure 73. 
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Treatment with DMSO, SA, or DMSO and SA combined did not appear to have a 

disrupting effect on the formation of microtubules as the structures were linear and 

elongated (Figure 5.2.1F-H) and comparible with those seen in wild-type cells (Figure 

5.2.1E). Treatment with 50µM of RAD112 appeared to disrupt microtubule formation 

in Vero cells (Figure 5.2.2C) as there is no clear elongation of microtubules when 

compared to DMSO treated cells as shown in figure 5.2.1F. In addition, the shape of the 

cells appeared to be more round when compared to the fibroblast-like shape of wild-

type Vero cells. Interestingly, treatment with 50µM of RAD112 and subsequent stress 

with SA appeared to have no disrupting effect on microtubules when compared to the 

control in figure 5.2.1H. Treatment with 10 and 20µM of psammaplysin F (Figure 

5.2.3G and I) did not appear to influence the formation of microtubules when compared 

to DMSO treated cells in figure 5.2.1F. Treatment with 30µM of psammaplysin F 

(Figure 5.2.3K) did not appear to disrupt the formation of microtubules. However, the 

distribution of the microtubules appeared to differ when compared to the DMSO control 

(Figure 5.2.1F). Microtubule disruption did not appear to be occurring after treatment 

with 10, 20 and 30µM of psammaplysin F and subsequent stress with SA (Figure 

5.2.3H, J and L respectively) when compared to DMSO and SA treated cells in Figure 

5.2.1H. 

 

Therefore, treatment with RAD112 appeared to disrupt microtubules.  To confirm these 

observations a known microtubule inhibitor, nocodazole, was used so that the resulting 

effects on the microtubules could be compared to those of RAD112 to determine if it 

was acting through a similar mechanism. 

 

 

Figure 5.2.3. Psammaplysin F treatment on microtubule formation in Vero cells. These cells were 
stained with antibodies for G3BP1 (shown in green) to visualise SGs and α-tubulin (shown in red) to 
visualise microtubules and counter-stained with DAPI (blue). (A) Vero cells treated with 10µM of 
psammaplysin F for 4hrs. (B) Vero cells treated with 10µM of psammaplysin F for 4hrs and stressed with 
500µM SA for 1hr. (C) Vero cells treated with 20µM of psammaplysin F for 4hrs. (D) Vero cells treated 
with 20µM of psammaplysin F for 4hrs and stressed with 500µM SA for 1hr. (E) Vero cells treated with 
30µM of psammaplysin F for 4hrs. (F) Vero cells treated with 30µM of psammaplysin F for 4hrs and 
stressed with 500µM SA for 1hr. (G) Increased magnification of microtubules in cells treated with 10µM 
of psammaplysin F. (H) Increased magnification of microtubules in cells treated with 10µM of 
psammaplysin F and stressed with 500µM SA for 1hr. (I) Increased magnification of microtubules in 
cells treated with 20µM of psammaplysin F. (J) Increased magnification of microtubules in cells treated 
with 20µM of psammaplysin F and stressed with 500µM SA for 1hr. (K) Increased magnification of 
microtubules in cells treated with 30µM of psammaplysin F. (L) Increased magnification of microtubules 
in cells treated with 30µM of psammaplysin F and stressed with 500µM SA for 1hr. Scale bar = 10µM. 
All images are of equal magnification and brightness and contrast has been adjusted uniformly across the 
field of view. The images are representative of 3 biological repeats.  Negative Controls are in Appendix 
Figure 73. 
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5.3 Nocodazole and RAD112 on microtubule formation in Vero cells 

Microtubules are essential for small SGs to form into mature stress granules (Chernov et 

al., 2009). In the presence of microtubule disrupting drugs such as nocodazole (Ivanov 

et al., 2003) and vinblastine, small SGs are formed in cells exposed to oxidative stress 

such as sodium arsenite treatment (Chernov et al., 2009). The presence of small SGs in 

the cytoplasm in the absence of microtubules suggests that some components of SGs 

can combine by diffusion (Chernov et al., 2009). However, large granules are formed 

by coalescence as a result of the individual components travelling along the 

microtubules.  

Microtubules consist of 13 protofilaments and each protofilament consists of α/β tubulin 

heterodimers that can polymerise by addition of another heterodimer through GDP 

exchange with GTP (Howard et al., 2007). Nocodazole can bind to the tubulin 

heterodimers and cause a conformational change which prevents the microtubules from 

polymerising (Head et al., 1985; Howard et al., 2007). Microtubules exist in two 

phases, either rapid shortening or elongation and this is called dynamic instability 

(Vasquez et al., 1997). The effect of nocodazole on microtubules is concentration 

dependent with high concentrations of nocodazole rapidly depolymerising microtubules, 

while low concentrations inhibit the dynamic instability of microtubules (Xu et al., 

2002). 

RAD112 appeared to be disrupting microtubules in Vero cells, as treatment with 

RAD112 at 50µM disrupted α-tubulin and the cell structure appeared to be affected as 

visualised during confocal microscopy (Figure 5.2.2C). Therefore, a known microtubule 

inhibitor, nocodazole was used to determine if microtubule formation was being 

disrupted as shown in Figure 5.3.1. Microtubule disruption via nocodazole treatment 

was performed by cold shocking Vero cells for 1hr in ice then removing the media and 

treating with 20µM of nocodazole at 37℃ for 30mins. Cold shock was also performed 

in unison on wildtype Vero cells for 1hr in ice then the media was removed and 

replaced with fresh medium or 1% DMSO for 30mins at 37℃ to achieve the two 

controls: ‘normal’ and DMSO cells respectively. Microtubule disruption through 

RAD112 treatment occurred through the same parameters as the SG inhibition assay 

described in section 5.2. 
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Figure 5.3.1. RAD112 and nocodazole treatment on microtubule formation in Vero cells. 
These cells were stained with antibodies for α-tubulin (shown in red) to visualise microtubules and 
counter-stained with DAPI (blue). Top panel. Normal = wildtype Vero cells. DMSO = Vero cells 
treated with 1% DMSO for 4hrs. RAD112= Vero cells treated with 50µM of RAD112 for 4hrs. 
Bottom panel. Normal= Cells were cold shocked for 1hr on ice and then treated with 1% DMSO 
for 30mins at 37℃. Nocodazole= After cold shock the cells were treated with 20µM of 
nocodazole for 30mins at 37℃. (A) Increased magnification of microtubules in wildtype Vero 
cells. (B) Increased magnification of microtubules in cells treated with 1% DMSO for 4hrs. (C) 
Increased magnification of microtubules in cells treated with 50µM of RAD112 for 4hrs. (D) 
Increased magnification of microtubules in cold shocked Vero cells (E) Increased magnification of 
microtubules in cold shocked cells treated with 1% DMSO for 30mins. (F) Increased 
magnification of microtubules in cells treated with 20µM of nocodazole for 30mins. Scale bar = 
10µM. All images are of equal magnification and brightness and contrast has been adjusted 
uniformly across the field of view. The images are representative of 3 biological repeats. Negative 
Controls are in Appendix Figure 74. 
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DMSO treatment of Vero cells (Figure 5.3.1B) and cold shock DMSO treated Vero 

cells (Figure 5.3.1E) did not display disrupted microtubule formation as microtubules 

appeared elongated and similar to the control normal and cold shock normal cells 

(Figure 5.3.1A and D respectively). Treatment with RAD112 at 50µM (Figure 5.3.1C) 

appeared to disrupt microtubule formation, as the microtubules did not appear elongated 

when compared to the control DMSO treated cells seen in figure 5.3.1B. Treatment with 

20µM of nocodazole (Figure 5.3.1F) also disrupted microtubule formation when 

compared to the cold shock DMSO control (Figure 5.3.2E). Both RAD112 and 

nocodazole appeared to be disrupting microtubules, however, the microtubules appeared 

to be more dissociated after treatment with nocodazole when compared to RAD112 

treatment as the cells appeared to retain some cell elongation (Figure 5.3.1C). 

RAD112 appeared to be disrupting microtubule formation, however, subsequent stress 

with SA did not appear to disrupt microtubule formation (Figure 5.2.2D). Therefore, a 

microtubule recovery assay was performed to determine if microtubule polymerisation 

could occur after removal of RAD112. 
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5.4 Microtubule recovery after treatment with RAD112 in Vero cells 

In section 5.3 it was found that RAD112 appeared to disrupt the polymerisation of 

microtubules. Some microtubule disrupting drugs such as nocodazole are rapidly 

reversible (Howard et al., 2007), therefore, a microtubule recovery assay was performed 

in Vero cells to determine if the effects of RAD112 could be reversed. Vero cells were 

treated with 1% DMSO or RAD112 for 4hrs and then DMSO or RAD112 was removed 

and replaced with media and incubated for 30mins-2hrs at 37℃ (Figure 3.4.1). 

DMSO treatment (Figure 5.4.1B) did not affect the polymerisation of microtubules as 

the structures of the microtubules can be visualised clearly when compared to the 

wildtype cells (Figure 5.4.1A). Treatment with RAD112 caused a disruption to the 

polymerisation of microtubules as there did not appear to be elongation of microtubules 

as seen in figure 5.4.1C. Interestingly, replacement of RAD112 with media and 

incubation of 30mins at 37℃ was sufficient time to recover microtubule disruption as 

seen in figure 5.4.1E when compared to the control in figure 5.4.1B. Recovery of 

DMSO treatment at 30mins, 1hr, 1hr 30mins and 2hrs (Figure 5.4.1D, F, H and J) did 

not have any effect on the microtubules when compared to the control (Figure 5.4.1A). 

Recovery of RAD112 at 1hr, 1hr 30mins and 2hrs (Figure 5.4.1 G, I and K) also 

restored microtubule structure when compared to the control (Figure 5.4.1A). 
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Figure 5.4.1. Microtubule recovery after treatment with RAD112. These cells were stained with 
antibodies for α-tubulin (shown in red) to visualise microtubules and counter-stained with DAPI (blue). 
Normal = wildtype Vero cells, DMSO = Vero cells treated with 1% DMSO for 4hrs, RAD112= Vero 
cells treated with 50µM of RAD112 for 4hrs. Recovery 30mins DMSO = Vero cells treated with 1% 
DMSO for 4hrs then the media was changed and cells were incubated at 37℃ for 30mins. Recovery 
30mins RAD112 = Vero cells treated with 50µM of RAD112 for 4hrs then the media was changed and 
cells were incubated at 37℃ for 30mins.  Recovery 1hr DMSO = Vero cells treated with 1% DMSO for 
4hrs then the media was changed and cells were incubated at 37℃ for 1hr. Recovery 1hr RAD112 = 
Vero cells treated with 50µM of RAD112 for 4hrs then the media was changed and cells were 
incubated at 37℃ for 1hr.  Recovery 1hr30mins DMSO = Vero cells treated with 1% DMSO for 4hrs 
then the media was changed and cells were incubated at 37℃ for 1hr30mins. Recovery 1hr30mins 
RAD112 = Vero cells treated with 50µM of RAD112 for 4hrs then the media was changed and cells 
were incubated at 37℃ for 1hr30mins.  Recovery 2hrsDMSO = Vero cells treated with 1% DMSO for 
4hrs then the media was changed and cells were incubated at 37℃ for 2hrs. Recovery 2hrs RAD112 = 
Vero cells treated with 50µM of RAD112 for 4hrs then the media was changed and cells were 
incubated at 37℃ for 2hrs. (A) Increased magnification of Normal. (B) Increased magnification of 
DMSO. (C) Increased magnification of RAD112. (D) Increased magnification of Recovery 30mins 
DMSO. (E) Increased magnification of Recovery 30mins RAD112. (F) Increased magnification of 
Recovery 1hr DMSO. (G) Increased magnification of Recovery 1hr RAD112. (H) Increased 
magnification of Recovery 1hr30mins DMSO. (I) Increased magnification of Recovery 1hr30mins 
RAD112. (J) Increased magnification of Recovery 2hrs DMSO. (K) Increased magnification of 
Recovery 2hrs RAD112. Scale bar = 10µM. All images are of equal magnification and brightness and 
contrast has been adjusted uniformly across the field of view. The images are representative of 3 
biological repeats. Negative Controls are in Appendix Figure 75. 
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5.5 Protein levels of alpha tubulin after treatment with RAD112 and nocodazole 

Treatment with microtubule disrupting drugs such as colchicine can cause an increase in 

the decay of tubulin mRNA and therefore lead to a decrease in the amount of tubulin 

protein (Barlow et al., 2002; Cleveland, 1989). In contrast, microtubule stabilising 

drugs like paclitaxel can cause an increase in the production of tubulin mRNA and 

therefore an increase in the amount of tubulin being produced (Barlow et al., 2002). 

RAD112 appeared to be disrupting microtubule formation, however, it is unclear as to 

whether the amount of tubulin was being decreased. Therefore, the amount of tubulin 

was analysed using western blot to determine if RAD112 was decreasing the amount of 

tubulin being produced (Figure 5.5.1). 

Protein expression of α-tubulin was examined using western blot techniques in MCF7, 

T47D, Vero, HeLa, MDAMB231 and MCF7MDR cell lines. Each cell line was treated 

with 1% DMSO for 4hrs or RAD112 at 50µM for 4hrs. For nocodazole treatment each 

cell line was also cold shocked for 1hr in ice and then treated with 1% DMSO (control) 

and 20µM of nocodazole for 30mins at 37℃. The protein was extracted and a western 

blot was performed to analyse the amount of α-tubulin and β-actin in each cell line. The 

membranes containing the protein were stained with antibodies against α-tubulin and β-

actin and visualised using an Odyssey imager. Analysis of each protein band was 

performed using the Image studio version 5.2. 

In MCF7 and Vero cells, there appeared to be a decreasing trend in the amount of 

tubulin after treatment with RAD112 when compared to the DMSO control (Figure 

5.5.2A and C). However, a significant difference could not be determined, as only one 

biological repeat has been performed for this experiment. In T47D, MDAMB231 and 

MCF7MDR cells there did not appear to be a difference in the amount of α-tubulin after 

treatment with RAD112 when compared to the control (Figure 5.5.2C, F and G). 

Interestingly, in HeLa cells there appeared to be an increasing trend in the amount of α-

tubulin when compared to the control in figure 5.5.2E. 

Nocodazole treatment in Vero, MDAMB231 and MCF7MDR appeared to have an 

increasing trend in the amount of α-tubulin when compared to the control DMSO 

treated cells (Figure 5.5.2D, F and G). MCF7, T47D and HeLa cells did not appear to 

show any change in the amount of α-tubulin when compared to the DMSO treated 

control cells (Figure 5.2.2A, B and E). 
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Figure 5.5.1. α-tubulin protein expression in MCF7, T47D, Vero, HeLa, MDAMB231 and 
MCF7MDR cells after treatment with RAD112 and nocodazole. All cell lines were treated 
with 1% DMSO and 50µM of RAD112 for 4hrs at 37℃. For nocodazole treatment all cell lines 
were cold shocked for 1hr in ice then treated with 1% DMSO for the control or 20µM of 
nocodazole for 30mins at 37℃. N=1. 
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Figure 5.5.2. Densitometry analysis of α-tubulin protein expression in MCF7, T47D, Vero, 
HeLa, MDAMB231 and MCF7MDR cells after treatment with RAD112 and nocodazole. All 
cell lines were treated with 1% DMSO and 50µM of RAD112 for 4hrs at 37℃. For nocodazole 
treatment all cell lines were cold shocked for 1hr in ice then treated with 1% DMSO for the control 
or 20µM of nocodazole for 30mins at 37℃. Protein was extracted, a western blot was performed 
and antibodies were used against α-tubulin and β-actin to detect the protein. N=1. 
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5.6 Phosphorylation of eIF2α after treatment with psammaplysin F 

The most common pathway to form SGs is the phosphorylation of eIF2α (Anderson et 

al., 2015). HRI phosphorylates serine 51 on eIF2α in response to oxidative stress and 

results in the inhibition of translation and the formation of SGs (Anderson et al., 2015). 

Psammaplysin F, the other compound that was found to disrupt SG formation in chapter 

4 section 4.4 and 4.5, did not appear to disrupt microtubules. Therefore, the levels of 

phosphorylated eIF2α (p- eIF2α) and unphosphorylated eIF2a were examined using 

western blot to determine if they were decreasing after treatment with psammaplysin F. 

In this assay, all cell lines were treated with 3 controls 1% DMSO for 4hrs, SA for the 

optimum time and concentration for each cell line as determined in chapter 3 section 3.4 

and 1% DMSO for 4hrs and subsequent stress with SA for the optimum time and 

concentration. All cells were treated with 10, 20 and 30µM of psammaplysin F for 4hrs 

and also treated with 10, 20 and 30µM of psammaplysin F for 4hrs and subsequent 

stress with SA for their optimum time and concentration as shown in figure 5.6.1. The 

amount of p-eIF2α and eIF2a were analysed using densitometry to determine if 

psammaplysin F was effecting the phosphorylation of eIF2α (Figure 5.6.2 and 5.6.3).  
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Figure 5.6.1. p-eIF2α and eIF2α expression in HEK293, MCF7, T47D, Vero, HeLa, MDAMB231 
and MCF7MDR cells after treatment with psammaplysin F. p-eIF2α and eIF2α protein analysis, by 
Western blot, is shown for each cell line. (A) HEK293 cells treated with 10, 20 and 30µM of 
psammaplysin F and stressed with SA for 2hrs at 125µM. (B) MCF7 cells treated with 10, 20 and 30µM 
of psammaplysin F and stressed with 125µM of SA for 2hrs. (C) T47D cells treated with 10, 20 and 
30µM of psammaplysin F and stressed with SA for 2hrs at 125µM. (D) Vero cells treated with 10, 20 and 
30µM of psammaplysin F and stressed with SA for 1hr at 500µM. (E) HeLa cells treated with 10, 20 and 
30µM of psammaplysin F and stressed with SA for 1hr at 50µM. (F) MDAMB231 cells treated with 10, 
20 and 30µM of psammaplysin F and stressed with SA for 1hr at 500µM. (G) MCF7MDR cells treated 
with 10, 20 and 30µM of psammaplysin F and stressed with SA for 1hr at 500µM.  Protein was extracted 
and visualised for p-eIF2α, eIF2α and β actin using antibodies. N=3.  
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Figure 5.6.2. Densitometry analysis of p-eIF2α expression in HEK293, MCF7, T47D, Vero, 
HeLa, MDAMB231 and MCF7MDR cells after treatment with psammaplysin F. All cell lines 
were treated with 1% DMSO, SA (optimum time and concentration for each cell line) and 
1%DMSO+SA (optimum time and concentration for each cell line) as controls. Each cell line was 
also treated with 10, 20 and 30µM of psammaplysin F for 4hrs and treated with 10, 20 and 30µM of 
psammaplysin F for 4 hrs and subsequently stressed with SA for their optimum time and 
concentration. Protein was extracted, a western blot was performed and antibodies were used 
against p-eIF2α and β-actin to detect each protein. N=3. *=p<0.05. 
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Figure 5.6.3. Densitometry analysis of eIF2α expression in HEK293, MCF7, T47D, Vero, 
HeLa, MDAMB231 and MCF7MDR cells after treatment with psammaplysin F. All cell 
lines were treated with 1% DMSO, SA (optimum time and concentration for each cell line) and 
1%DMSO+SA (optimum time and concentration for each cell line) as controls. Each cell line 
was also treated with 10, 20 and 30µM of psammaplysin F for 4hrs and treated with 10, 20 and 
30µM of psammaplysin F for 4 hrs and subsequently stressed with SA for their optimum time 
and concentration. Protein was extracted, a western blot was performed and antibodies were 
used against eIF2α and β-actin to detect each protein. N=3. *=p<0.05. 
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In HEK293 cells a significant increase in the amount of p-eIF2α was found after 

treatment with 30µM of psammaplysin F when compared to the control cells treated 

with 1% DMSO (Figure 5.6.2A). However, there was no change after treatment with 10 

and 20µM of psammaplysin F when compared to the control cells (Figure 5.6.2A). A 

significant decrease in the amount of p-eIF2α was observed in HEK293 cells after 

treatment with 20 and 30µM of psammaplysin F and subsequent stress with SA when 

compared to DMSO+SA treated cells (Figure 5.6.2A). 

MCF7 cells displayed a significant decrease in the amount of p-eIF2α after treatment 

with psammaplysin F at 30µM and subsequent stress with SA when compared to the 

DMSO+SA treated control (Figure 5.6.2B). There was no significant difference found 

in MCF7 cells treated with 10 and 20µM of psammaplysin F and subsequent stress with 

SA and treatment with 10, 20 and 30µM of psammaplysin F when compared to the 

controls (DMSO+SA and DMSO respectively)(Figure 5.6.2B). 

Similar to HEK293 cells, T47D cells displayed a significant increase in p-eIF2α after 

treatment with 30µM of psammaplysin F when compared to the DMSO treated control 

(Figure 5.6.2C). There was no significant difference observed after treatment with 10 

and 20µM of psammaplysin F and 10, 20 and 30µM of psammaplysin F and stress with 

subsequent SA when compared to the controls (DMSO and DMSO+SA respectively) as 

seen in Figure 5.6.2C. 

Treatment with 10, 20 and 30µM of psammaplysin F in Vero cells did not have any 

effect on the amount of p-eIF2α when compared to the DMSO treated control (Figure 

5.6.2D). Treatment with 10 and 20µM of psammaplysin F and subsequent stress with 

SA did not cause a decrease in the amount of p-eIF2α when compared to the control 

(DMSO+SA) as shown in figure 5.6.2D. However, there was a significant difference 

found in Vero cells after treatment with 30µM of psammaplysin F and subsequent stress 

with SA when compared to the DMSO+SA treated control Vero cells (Figure 5.6.2D). 

There was no significant difference found in HeLa cells after treatment with 10, 20 and 

30µM of psammaplysin F when compared to the control cells (DMSO) as shown in 

figure 5.6.2E. Treatment with 10, 20 and 30µM of psammaplysin F and subsequent 

stress with SA did not cause a significant decrease in the amount of p-eIF2α when 

compared to the DMSO+SA treated control cells (Figure 5.6.2E). 
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In MDAMB231 cells there was a significant increase found in the phosphorylation of 

eIF2α after treatment with 20µM of psammaplysin F when compared to the control cells 

(DMSO) (Figure 5.6.2F). There was no significant difference found in MDAMB231 

cells after treatment with 10µM of psammaplysin F and treatment with 10, 20 and 

30µM of psammaplysin F and subsequent stress with SA when compared to the 

controls, DMSO and DMSO+SA in figure 5.6.2F. 

Like MCF7 and Vero cells, MCF7MDR cells only showed a significant decrease in the 

amount of p-eIF2α after treatment with 30µM of psammaplysin F and subsequent stress 

with SA when compared to the DMSO+SA treated controls seen in figure 5.6.2G. There 

was no significant difference found in MCF7MDR cells after treatment with 10, 20 and 

30µM of psammaplysin F and treatment with 10 and 20µM of psammaplysin F and 

subsequent stress with SA when compared to the control (DMSO and DMSO+SA 

respectively) in figure 5.6.2G. 

There was no significant difference found in the amount of eIF2α in HEK293, MCF7, 

T47D, Vero, HeLa and MCF7MDR cells after treatment with 10, 20 and 30µM of 

psammaplysin F and treatment with 10, 20 and 30µM of psammaplysin F and 

subsequent stress with SA when compared to their controls (DMSO and DMSO+SA 

respectively) as shown in figure 5.6.3A-E and G). Interestingly, in MDAMB231 cells 

there was a significant decrease found in the amount of eIF2α after treatment with 

30µM and subsequent stress with SA when compared to the DMSO+SA control (Figure 

5.6.3F). There was no significant difference found in the levels of eIF2α in 

MDAMB231 cells after treatment with 10, 20 and 30µM of psammaplysin F and 

treatment with 10 and 20µM of psammaplysin F and subsequent stress with SA when 

compared to DMSO and DMSO+SA treated cells in figure 5.6.3F. A summary table of 

the changes in SG number, and the phosphorylation of eIF2α, after treatment with 

psammaplysin F in all cell lines, is shown below in Table 5.1. 
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Cell lines DMSO+SA Psammaplyisn F 10µM+SA Psammaplyisn F 20µM+SA Psammaplyisn F 30µM+SA
HEK293 5.9 4.7 4.8 5.2
MCF7 2.1 1.7 1.3* 1.1*
T47D 6.9 4.6* 3.9* 3.1*
Vero 3.5 2.4 1.1* 1.5*
HeLa 2.8 1.3* 0.5* 0.5*

MDAMB231 2.5 2.1 1.3* 1.5
MCF7MDR 3.7 4.4 3.8 5.7

Average number of SGs

* indicates a significant decrease in the average number of SGs per cell when compared to the control 
(DMSO+SA) 
** indicates a significant decrease in the phosphorylation of eIF2α when compared to the control 
(DMSO+SA) 

Table 5.1. Changes in SG formation and phosphorylation of eIF2α after treatment with 
psammaplysin F. 

Cell lines DMSO+SA Psammaplyisn F 10µM+SA Psammaplyisn F 20µM+SA Psammaplyisn F 30µM+SA
HEK293 0.74 0.71 0.34** 0.45**
MCF7 0.85 0.73 0.62 0.29**
T47D 0.63 0.56 0.48 0.88
Vero 0.71 0.78 0.75 0.59**
HeLa 0.82 0.78 0.8 0.83

MDAMB231 0.63 0.67 0.59 0.53
MCF7MDR 0.77 0.66 0.56 0.35**

Phosphorylation of eIF2α relative to β actin
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5.7 HRI expression after treatment with psammaplysin F  
 
The phosphorylation of eIF2α is the most common pathway to SG formation in 

mammalian cells in response to stress (Kedersha et al., 2002). There are four kinases 

that phosphorylate eIF2α, HRI, PKR, PERK and GCN2 (McEwen et al., 2005). HRI is 

activated in response to a deficiency in heme in erythroid cells, PKR is activated in 

response to class I interferons, PERK is activated in response to accumulated proteins in 

the ER and GCN2 is activated in response to amino acid starvation (Mahboubi et al., 

2017; McEwen et al., 2005). It has also been reported that HRI is activated in response 

to arsenite related stress and causes the formation of SGs through the phosphorylation 

of eIF2α (Mahboubi et al., 2017; McEwen et al., 2005). 

 

In section 5.6 it was observed that psammaplysin F treatment decreased the 

phosphorylation of eIF2α in several cell lines. Therefore, as SA treatment causes the 

activation of HRI, the expression of HRI was examined using western blot in all cell 

lines (Figure 5.7.1). All cell lines were treated with SA for their optimum time and 

concentration determined in chapter 3 section 3.4. Protein was extracted from normal 

and stressed and the levels of HRI protein were determined by western blot (Figure 

5.7.1). 

 

HRI expression was detected in HeLa cells for untreated and stressed cells, however 

HRI was not detected in any of the other cell lines as seen in figure 5.7.1A. The levels 

of HRI in HeLa cells were analysed using densitometry and it was found that there was 

no significant difference in the amount of HRI in untreated cells compared to SA treated 

cells (Figure 5.7.1B). As a result of HRI expression not being detected in HEK293, 

MCF7, T47D, Vero, MDAMB231 and MCF7MDR cells, the expression levels of HRI 

after treatment with psammaplysin F could only be determined in HeLa cells. 

 

HeLa cells were treated with 10, 20 and 30µM of psammaplysin F and treated with 10, 

20 and 30µM of psammaplysin F and subsequently stressed with SA for 1hr at 50µM. 

The controls were 1% DMSO, SA for 1hr at 50µM and DMSO+SA treated cells (Figure 

5.7.2). Protein was extracted from these cells after treatment and the protein levels of 

HRI were determined by western blot (Figure 5.7.2A). Densitometry was performed on 

the western blot results to determine if there was a significant change in the levels of 
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HRI after treatment with psammaplysin F (Figure 5.7.2B). It was found that there was 

no significant difference in the amount of HRI after treatment with 10, 20 or 30µM of 

psammaplysin F or treatment with 10, 20 and 30µM of psammaplysin F and subsequent 

stress with SA when compared to the controls (DMSO and DMS)+SA respectively) in 

figure 5.7.2B. 

  

Figure 5.7.1. HRI expression in wild type and sodium arsenite treated cells. HRI protein 
analysis, by Western blot, is shown for untreated and SA-treated cells for each cell line. (A) 
HEK293, MCF7 and T47D cells were stressed with SA for 2hrs at 125µM. Vero, MCF7MDR and 
MDAMB231 cells were stressed with SA for 1hr at 500µM and HeLa cells were stressed with SA 
for 1 hr at 50µM. Protein was extracted and visualised for HRI and β actin using antibodies. (B) 
Analysis of the ratio of HRI to β actin in HeLa cells. N=3. Data is expressed as the mean ± standard 
error of the mean. 
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Figure 5.7.2. HRI expression in HeLa cells after treatment with Psammaplysin F. (A) HeLa 
cells were treated with increasing concentrations of psammaplysin F (10-30uM) and stressed with 
sodium arsenite for 1hr at 50uM. Protein was extracted and visualised for HRI and β actin. (B) 
Protein analysis of HRI expression in HeLa cells after treatment with psammaplysin F and sodium 
arsenite. N=3. 
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5.8 Discussion 

In conclusion, this chapter explored the mechanisms of action of RAD112 and 

psammaplysin F in HEK293, MCF7, T47D, Vero, HeLa, MDAMB231 and MCF7MDR 

cells. Treatment with 10, 20 and 30µM of psammaplysin F in Vero cells did not appear 

to disrupt microtubule formation. However, treatment with 50µM of RAD112 in Vero 

cells appeared to disrupt microtubules when compared to the DMSO treated controls. 

Interestingly, treatment with 50µM of RAD112 and subsequent stress with SA did not 

appear to have an effect on microtubule formation when compared to the DMSO+SA 

treated control cells. It is hypothesised that the recovery of microtubules after treatment 

with RAD112 and SA is a result of the removal of RAD112 when the SA was added. In 

this experiment all cells were treated with 50µM of RAD112 for 4hrs and then the 

media containing RAD112 was removed and fresh media containing SA was added to 

each cell line. The removal of RAD112 and addition of fresh medium was sufficient to 

restore the structure of the microtubules. However, the recovery of the microtubules was 

not sufficient to result in the formation of SGs as shown in chapter 4 where treatment 

with 50µM of RAD112 and subsequent stress with SA resulted in a significant decrease 

in the average number of SGs in MCF7, T47D, Vero, HeLa and MDAMB231 cells 

when compared to the control (DMSO+SA). To determine if the microtubules were 

being disrupted, a known microtubule inhibitor nocodazole was used during confocal 

imaging. It appeared that treatment with 50µM of RAD112 and 20µM of nocodazole 

had similar effects on the microtubules, as well as similarities in the effect to cell 

structure in Vero cells.  

The microtubules were disrupted after treatment with RAD112 alone, but no disruption 

was visualised after treatment with RAD112 and SA. Therefore, a microtubule recovery 

assay was performed to determine if the effect of RAD112 on microtubules could be 

rescued. It was discovered that 30mins after removal of RAD112 in Vero cells was 

sufficient time for the microtubules to regain their structure when compared to the 

DMSO treated control cells. The discovery that RAD112 could disrupt microtubules, 

led to the next step to determine if the levels of α-tubulin in MCF7, T47D, Vero, HeLa, 

MDAMB231 and MCF7MDR cells were changing after treatment with RAD112. There 

appeared to be a decreasing trend in the amount of α-tubulin after treatment with 50µM 

of RAD112 in MCF7 and Vero cells, when compared to their controls. In contrast, there 

appeared to be an increasing trend in α-tubulin in HeLa cells after treatment with 50µM 
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of RAD112, when compared to the DMSO control. T47D, MDAMB231 and 

MCF7MDR appeared to have no change in their levels of α-tubulin after treatment with 

RAD112. There appeared to be an increasing trend in the amount of α-tubulin in Vero, 

MDAMB231 and MCF7MDR cells after treatment with nocodazole when compared to 

their DMSO treated controls. MCF7, T47D and HeLa cells did not appear to have a 

change in the amount of α-tubulin after treatment with nocodazole when compared to 

their controls. 

Psammaplysin F did not appear to have an effect on microtubule formation, therefore, 

the next experiment performed was to examine the protein levels of phosphorylated 

eIF2α as this is the most common pathway that results in SG formation. It was found 

that treatment with 30µM of psammaplysin F in HEK293, T47D and MDAMB231 cells 

caused a significant increase in the amount of p-eIF2α when compared to the controls. 

Treatment with 20µM of psammaplysin F in MDAMB231 cells showed a significant 

increase when compared to DMSO treated cells. HEK293, MCF7, Vero and 

MCF7MDR cells showed a significant decrease in the amount of p-eIF2α after 

treatment with 30µM of psammaplysin F and subsequent stress with SA when 

compared to DMSO+SA treated cells. HEK293 cells also showed a significant decrease 

in the amount of p-eIF2α after treatment with 20µM of psammaplysin F and subsequent 

stress with SA when compared to the DMSO+SA treated controls. There was no 

significant difference in the levels of p-eIF2α found in HeLa cells after treatment with 

psammaplysin F. HEK293, MCF7, T47D, Vero, HeLa and MCF7MDR did not display 

a significant change in the amount of eIF2α after treatment with psammaplysin F. 

However, treatment with 30µM of psammaplysin F and subsequent stress with SA in 

MDAMB231 cells showed a significant decrease in eIF2α when compared to the 

control. It is hypothesised that the significant decrease seen in eIF2α in MDAMB231 

cells after treatment with psammaplysin F and SA could be a result of stress to the cells 

by inhibiting SG formation. The cells are no longer capable of triaging mRNA to 

survive the stress as a result of the SG inhibition and these cells are going through 

apoptosis. Therefore, the decrease in eIF2α levels are a direct result of global translation 

inhibition from SG inhibition and SA exposure and not a targeted effect by 

psammaplysin F. 

Interestingly, treatment with 30µM of psammaplysin F and subsequent with SA did not 

cause a significant decrease in the levels of eIF2α phosphorylation in T47D and HeLa 
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cells despite a significant decrease in the average number of SGs when compared to the 

control (DMSO+SA) shown in chapter 4. In contrast to this, HEK293 and MCF7MDR 

cells showed a significant decrease in the levels of p-eIF2α after treatment with 30µM 

of psammaplysin F and subsequent with SA, but did not show a significant decrease in 

the average number of SGs when compared to the control (DMSO+SA) as shown in 

chapter 4. This suggests that perhaps psammaplysin F is affecting the formation of SGs 

through another pathway in T47D and HeLa cells, as the number of SGs were 

decreasing but no difference in the levels of p-eIF2α were observed. The decrease in 

levels of p-eIF2α in HEK293 and MCF7MDR cells but no significant decrease in the 

number of SGs, suggests that HEK293 and MCF7MDR cells may require a lower 

threshold of p-eIF2a to form SGs than the other cell lines. 

The hypothesis that psammaplysin F disrupts the formation of SGs through the 

inhibition of phosphorylation of eIF2α is best demonstrated in HEK293, MCF7, Vero 

and MCF7MDR cells after treatment with 30µM of psammaplysin F and stress with SA. 

This data clearly demonstrates a decrease in p-eIF2α after treatment with psammaplysin 

F and it is yet to be determined if the pathways used to decrease p-eIF2α in these cell 

lines are the same as other cells lines that show more variability in the response to 

psammaplysin F.  Further optimization is required to observe similar data in all cell 

lines tested. The decrease in the levels of p-eIF2α observed in several cell lines after 

treatment with psammaplysin F led us to test if the protein levels of HRI, the kinase that 

phosphorylates eIF2α under oxidative stress, was changing due to psammaplysin F 

treatment. 

It was found that HRI was detectable only in HeLa cells and the expression could not be 

found in HEK293, MCF7,T47D, Vero, MDAMB231 or MCF7MDR cells. Therefore, 

the expression levels of HRI after treatment with psammaplysin F were examined in 

HeLa cells. There was found to be no significant difference in the protein levels of HRI 

after treatment with psammaplysin F in HeLa cells.  

RAD112 was found to be disrupting SG formation through the disruption of 

microtubule polymerisation and psammaplysin F appeared to be decreasing the amount 

of p-eIF2α in several cells lines. It has been previously published that the disruption to 

SG formation can cause an increase in the efficacy of bortezomib when applied in 

combination (Fournier et al., 2010).Therefore, in the next chapter it will be determined 
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if the efficacy of two known chemotherapeutics, bortezomib and sorafenib can be 

increased using RAD112 or psammaplysin F in combination. 
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6.1 Introduction 

One novel approach is the use of natural compounds to inhibit the formation of SGs in 

cancer cells, and subsequently treating these cells with chemotherapeutics. The 

inhibition of SGs through knockdown of HRI has shown promise in enhancing the 

efficacy of the chemotherapeutic; however, there has been no research into use of a 

natural product to inhibit SGs and increase the efficacy of a chemotherapeutic. One 

benefit of this approach is that inhibiting SGs may re-sensitize MDR cells to the 

chemotherapeutic. As mentioned previously, inhibition of SGs in combination with the 

treatment of bortezomib resulted in an increase in efficacy of bortezomib when 

compared to treatment with bortezomib alone (Fournier et al 2010). In Chapter 4, two 

compounds were discovered that could cause a decrease in SG formation via two 

different mechanisms. RAD112 could decrease SG formation via microtubule 

disruption and psammaplysin F could decrease SG formation via inhibition of the 

phosphorylation of eIF2α. Previous research has shown an increase in efficacy of 

bortezomib after SGs were inhibited by knock down of HRI (Fournier et al., 2010), a 

similar approach using an in vitro combinational assay will be used in this chapter to 

determine if RAD112 and psammaplysin F could increase the efficacy of 

chemotherapeutics. The two chemotherapeutics chosen for use in the combinational 

assay were sorafenib and bortezomib which both cause the formation of SGs (Fournier 

et al., 2010; Zhou et al., 2015).  

6.2 Combinational experiments in vitro 

Bortezomib is a reversible proteasome inhibitor that inhibits activity of the proteasome 

20S subunit and can also inhibit MAP kinase signalling and NF-KB signalling (LeBlanc 

et al., 2002). Sorafenib is a multi-kinase inhibitor that targets the MAP kinase signalling 

pathway and also inhibits the activity of several tyrosine kinases (Cervello et al., 2012). 

Bortezomib and sorafenib can both induce the expression of SGs via the 

phosphorylation of eIF2α (Adjibade et al., 2015; Fournier et al., 2010). As mentioned in 

the introduction, the research presented by Fournier et al 2010 inhibited SGs by knock 

down of HRI and the addition of bortezomib resulted in the increase in efficacy of 

bortezomib. Therefore, as RAD112 and psammaplysin F have shown the ability to 

decrease the formation of SGs, through microtubule disruption and a decrease in the 

amount of p-eIF2α respectively, bortezomib and sorafenib were used in the 
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combinational experiments as they were able to induce the expression of SGs and these 

combinations may be able to increase the efficacy of bortezomib and sorafenib. The 

results of cell lines that were treated with RAD112 in combination with bortezomib or 

sorafenib are reported below in section 6.2.1. Combinational studies using 

psammaplysin F with either bortezomib or sorafenib are reported in section 6.2.2. 

6.2.1 RAD112 in combination with bortezomib or sorafenib 

The combinations of compounds and drugs used in these studies; RAD112 treatment 

with either bortezomib or sorafenib, and psammaplysin F treatment with either 

bortezomib or sorafenib, were used in a matrix of concentrations in such a way that each 

drug was titrated against each other.  For example, RAD112 was used at 2, 4, 8, 12, 16, 

20, 24, 28 and 32µM against 1, 2, 3, 4, 5, 6, 7, 8 and 9nM of bortezomib, creating a 

matrix of 81 combinations, all in triplicate to obtain statistically relevant data.  This was 

repeated for other described compound/drug combinations. The concentrations for 

RAD112, psammaplysin F, bortezomib and sorafenib for use in the combinational 

matrix assay were chosen based on the IC50 values (Table 6.1) and determined that the 

concentrations chosen would range from minimal cell death to a concentration 

representing greater than the IC50 concentration. The cell viability curves for bortezomib 

and sorafenib used to generate the IC50s are found in Chapter 3 section 3.2. The cell 

viability curves for RAD112 are shown in figure 6.2.1.1.  

 

 

 

 

 

 

 

 

 

  IC50 

Cell lines RAD112 
(µM) 

Psammaplysin 
F (µM) 

Bortezomib 
(nM) 

Sorafenib 
(µM) 

HEK293 10.8 4.7 3.8 4.8 
MCF7 11.2 7.6 13.2* 7.1 
T47D 27.6 8.6 11.4 6.5 
Vero 15.4 5.2 8.1 7.6 
HeLa 19.2 5.2 9.2 6.7 
MDAMB231 11.9 4.5 8.3 10.7 
MCF7MDR 24 7.8 9.1** 17.2* 

Table 6.1. IC50 values of RAD112, psammaplysin F, bortezomib and sorafenib in all 
cell lines. 

Note: *Concentration that caused max cell death (40%) 
          ** Concentration that caused max cell death (30%) 
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In the combination assay, all cell lines were treated with 2, 4, 8, 12, 16, 20, 24, 28 and 

32µM of RAD112 and either 1, 2, 3, 4, 5, 6, 7, 8 and 9nM of bortezomib or 2, 3, 4, 5, 6, 

7, 8, 9 and 10µM of sorafenib for 72hrs. The viability of cells in each point of the 

matrix was assessed using the alamarBlue assay as described in chapter 2 section 2.15. 

The effect of the combination of compounds was assessed using Compusyn software 

which analysed the inhibition of the compounds alone and in combination and 

designates a combination index (CI) value for each combination. The interaction for 

each combination can be determined as synergistic, additive or antagonistic when CI<1, 

CI=1 and CI>1 respectively. 

In HEK293 cells, after treatment with RAD112 and bortezomib there appeared to be 

mostly additive and antagonistic interactions, with some combinations resulting in a 

slight synergistic interaction (Figure 6.2.1.2A and B). The strongest synergistic 

interaction resulted in a CI value 0.96753 after treatment with 2µM of RAD112 and 

5nM of bortezomib (Table 6.2). There was no significant decrease in cell viability found 
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Figure 6.2.1.1. Determining the IC50 of RAD112 in HEK293, MCF7, T47D, Vero, HeLa, 
MDAMB231 and MCF7MDR cells. The graphs show the viability curves of RAD112 in 
(A) HEK293, (B) MCF7, (C) T47D, (D) Vero, (E) HeLa, (F) MDAMB231 and (G) 
MCF7MDR cells in a 384-well plate after treatment with different concentrations of 
sorafenib (5 to 100µM). Each data point is the mean ± sem. N= 3.  
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between treatment with 2µM of RAD112 and 5nM of bortezomib when compared to 

treatment with 5nM of bortezomib alone. However, there was a significant decrease in 

cell viability after treatment with 2µM of RAD112 and 5nM of bortezomib when 

compared to treatment with only 2µM of RAD112 (Figure 6.2.1.2E). The Compusyn 

software identifies concentrations of the compounds used in the experimental matrix, 

that may have significance and these are subsequently shown in separate graphs. The 

analysis of 2µM of RAD112 and 5nM of bortezomib are shown in figure 6.2.1.2E. The 

following experiments will be analysed this way, a first pass is made by Compusyn to 

identify combinations of compounds of interest and subsequently the data for cell 

viability will be presented in a separate graph. A slight synergistic interaction was also 

seen at the combination of 24µM of RAD112 and 1nM of bortezomib with a CI value of 

0.97706 (Table 6.2). There was a significant decrease in cell viability found after 

treatment with 1nM of bortezomib when compared to treatment with 24µM of RAD112 

and 1nM of bortezomib, however, there was no significant decrease in cell viability 

after treatment with 24µM of RAD112 and 1nM of bortezomib when compared to 

treatment with 24µM of RAD112 (Figure 6.2.1.2F).  

Treatment with RAD112 and sorafenib in combination in HEK293 cells resulted in 

mostly antagonistic and additive combinations (Figure 6.2.1.2C and D). However, there 

were some combinations that resulted in synergism, mostly involving the lower 

concentrations of RAD112 and sorafenib. The best combination that resulted in 

synergism was treatment with 2µM of RAD112 and 2µM of sorafenib with a CI value 

of 0.77194 (Table 6.3). There was no significant difference in the viability in HEK293 

cells treated with 2µM of RAD112 and 2µM of sorafenib when compared to cells 

treated with 2µM of sorafenib. However, there was a significant decrease in cell 

viability found after treatment with 2µM of RAD112 and 2µM of sorafenib when 

compared to treatment with 2µM of RAD112 alone (Figure 6.2.1.2G). There was also a 

synergistic interaction between 4µM of RAD112 and 2µM of sorafenib (Table 6.3) with 

a CI value of 0.77566. There was a significant decrease in cell viability after treatment 

with 4µM of RAD112 and 2µM of sorafenib when compared to treatment with 2µM of 

sorafenib alone as well as treatment with 4µM of RAD112 and 2µM of sorafenib when 

compared to 4µM of RAD112 alone (Figure 6.2.1.2H). 

All the graphs and the compusyn analysis tables will be provided for all drug/compound 

combinations for all cell lines. However, the only results to be commented upon 
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henceforth will be those that show significant decreases in cell viability (as indicated by 

a CI<1). Furthermore, this data will only be presented when there is a significant 

decrease in cell viability in the combinational treatment when compared to each drug 

alone and when the combinational treatment leads to a reduction in cell viability 

significantly less than either independent drug treatment.  The first graph of this nature 

is 6.2.1.2H as described above. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2.1.2. Combination of RAD112 with bortezomib or sorafenib in HEK293 cells. (A) 
HEK293 cells were treated with RAD112 and bortezomib alone or in combination for 72hrs and the 
viability was measured using an alamarBlue assay. (B) Combination index (CI) plot for combinations 
of RAD112 and bortezomib. (C) HEK293 cells were treated with RAD112 and sorafenib alone or in 
combination for 72hrs and the viability was measured using an alamarBlue assay. (D) Combination 
index (CI) plot for combinations of RAD112 and sorafenib. (E) Viability after treatment with 2µM of 
RAD112, 5nM of bortezomib and RAD112 and bortezomib combined. (F) Viability after treatment 
with 24µM of RAD112, 1nM of bortezomib and RAD112 and bortezomib combined. (G) Viability 
after treatment with 2µM of RAD112, 2µM of sorafenib and RAD112 and sorafenib combined. (H) 
Viability after treatment with 4µM of RAD112, 2µM of sorafenib and RAD112 and sorafenib 
combined. The combination is synergistic, additive or antagonistic when CI<1, CI=1 and CI>1. N=2 
for RAD112+Bortezomib combinations and N=3 for RAD112+sorafenib combinations.*= p<0.05. 
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Treatment with RAD112 and bortezomib in MCF7 cells resulted in no synergistic 

interactions between all concentrations with only additive and antagonistic interactions 

occurring between RAD112 and bortezomib (Figure 6.2.1.3A and B). Treatment with 

RAD112 and sorafenib in combination in MCF7 cells showed synergism and an 

additive effect (Figure 6.2.1.3C and D). The strongest synergism occurred after 

treatment with 20µM of RAD112 and 5µM of sorafenib with a CI value of 0.63076 

(Table 6.5). There was a significant decrease in cell viability in MCF7 cells after 

treatment with 20µM of RAD112 and 5µM of sorafenib when compared to treatment 

with 5µM of sorafenib (Figure 6.2.1.3G). A significant decrease in cell viability was 

also seen in MCF7 cells after treatment with 20µM of RAD112 and 5µM of sorafenib 

when compared to treatment with 20µM of RAD112 as shown in figure 6.2.1.3G. A 

synergistic interaction was also seen in MCF7 cells after treatment with 32µM of 

RAD112 and 2µM of sorafenib with a CI value of 0.74714 (Table 6.5). A significant 

Table 6.3. Combination index (CI) values in HEK293 cells after treatment with RAD112 and 
sorafenib. Combination is synergistic, additive or antagonistic when CI<1, CI=1 or CI>1. 

2 3 4 5 6 7 8 9 10
2 0.77194 0.99479 0.94959 0.95834 1.19832 1.19366 1.19011 1.24741 1.33981
4 0.77566 0.80157 0.82907 0.94716 1.22958 1.23309 1.3101 1.24238 1.31559
8 0.87385 0.92241 1.08116 0.99557 1.20955 1.25177 1.31266 1.33837 1.21997

12 0.95315 0.99487 0.95602 0.99196 1.06467 1.09306 1.14539 1.28406 1.35184
16 1.06482 1.05249 1.11241 1.15935 1.15672 1.20853 1.27333 1.29916 1.42314
20 1.09523 1.17289 1.10145 1.20403 1.20116 1.33898 1.19374 1.49085 1.40338
24 1.01054 0.94181 1.29085 1.0735 1.26683 1.29172 1.44827 1.36484 1.61898
28 1.17477 1.31962 1.15052 1.44345 1.33968 1.59421 1.45663 1.51003 1.81493
32 1.33084 1.37704 1.39532 1.52519 1.65704 1.52998 1.58557 1.63772 1.53983

RAD112 (µM)
Sorafenib (µM)

1 2 3 4 5 6 7 8 9
2 - 1.80896 0.9852 0.98742 0.96753 1.07981 1.24581 1.25913 1.40947
4 2.19419 1.71577 1.25446 1.14216 1.01266 1.01435 1.01498 1.05796 1.37845
8 1.59653 1.64798 1.52442 1.32471 1.03595 1.04294 1.09189 1.18762 1.2735

12 1.3681 1.85645 1.40427 1.26732 1.27962 1.14204 1.27798 1.37548 1.4626
16 1.31308 1.53293 2.33081 1.34275 1.16888 1.31723 1.37841 1.44937 1.53482
20 1.09761 1.47597 1.20252 1.28739 1.36366 1.42469 1.49622 1.59774 1.68936
24 0.97706 1.14918 1.19567 1.25254 1.41986 1.42244 1.58663 1.65073 1.77872
28 1.07093 1.22865 1.25202 1.41304 1.59498 1.75389 1.85175 1.84993 1.98301
32 1.20113 1.39631 1.52491 1.6769 1.69686 1.7114 1.84168 1.88685 1.9138

RAD112 (µM)
Bortezomib (nM)

Table 6.2. Combination index (CI) values in HEK293 cells after treatment with RAD112 and 
bortezomib. Combination is synergistic, additive or antagonistic when CI<1, CI=1 or CI>1. 

- = This combination of compounds resulted in cell growth (more than 100%) and was not included in the Compusyn analysis. 
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decrease in cell viability was seen after treatment with 32µM of RAD112 and 2µM of 

sorafenib when compared to treatment with 2µM of sorafenib (Figure 6.2.1.3H). A 

significant decrease in cell viability was also seen in MCF7 cells after treatment with 

32µM of RAD112 and 2µM of sorafenib when compared to treatment with 32µM of 

RAD112 as shown in figure 6.2.1.3H. 

 

 

 

 

 

 

 

 

  

Figure 6.2.1.3. Combination of RAD112 with bortezomib or sorafenib in MCF7 cells. (A) MCF7 cells 
were treated with RAD112 and bortezomib alone or in combination for 72hrs and the viability was measured 
using an alamarBlue assay. (B) Combination index (CI) plot for combinations of RAD112 and bortezomib. 
(C) MCF7 cells were treated with RAD112 and sorafenib alone or in combination for 72hrs and the viability 
was measured using an alamarBlue assay. (D) Combination index (CI) plot for combinations of RAD112 and 
sorafenib. (E) Viability after treatment with 24µM ofRAD112, 1nM of bortezomib and RAD112 and 
bortezomib combined. (F) Viability after treatment with 28µM ofRAD112, 1nM of bortezomib and RAD112 
and bortezomib combined. (G) Viability after treatment with 20µM ofRAD112, 5µM of sorafenib and 
RAD112 and sorafenib combined. (H) Viability after treatment with 32µM ofRAD112, 2µM of sorafenib and 
RAD112 and sorafenib combined. The combination is synergistic, additive or antagonistic when CI<1, CI=1 
and CI>1. N=3 for RAD112+Bortezomib combinations and N=3 for RAD112+sorafenib combinations.*= 
p<0.05. 
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Treatment with RAD112 and bortezomib in combination in T47D cells resulted in slight 

synergistic interactions, however, most combinations of RAD112 and bortezomib 

resulted in additive or antagonistic interactions (Figure 6.2.1.4A and B). Treatment with 

the combination of RAD112 and sorafenib in T47D cells resulted in more synergistic 

interactions than treatment with RAD112 and bortezomib (Figure 6.2.1.4C and D). The 

most synergistic interaction between RAD112 and sorafenib in T47D cells occurred 

after treatment with 24µM of RAD112 and 2µM of sorafenib with a CI value of 

0.75927 (Table 6.7). There was a significant decrease in the amount of cell viability in 

T47D cells after treatment with 24µM of RAD112 and 2µM of sorafenib when 

compared to treatment with 2µM of sorafenib alone as shown in figure 6.2.1.4G. There 

was also a significant decrease in cell viability after treatment with 24µM of RAD112 

and 2µM of sorafenib when compared to treatment with 24µM of RAD112 (Figure 

6.2.1.4G). There was also a synergistic effect in T47D cells after treatment with 24µM 

of RAD112 and 3µM of sorafenib with a CI value of 0.76712 (Table 6.7). A significant 

decrease was also found in cell viability of T47D cells after treatment with a 

Table 6.4. Combination index (CI) values in MCF7 cells after treatment with RAD112 and 
bortezomib. Combination is synergistic, additive or antagonistic when CI<1, CI=1 or CI>1. 

1 2 3 4 5 6 7 8 9
2 - - - - - - - 1.28148 1.31884
4 - - - - - - - 2.598 1.31452
8 - - - - - - 1.63895 1.76776 1.64248

12 - - - - - - - 1.79745 1.71835
16 - - - - - - - 1.75527 1.85102
20 - 3.08301 1.74678 1.67951 1.55619 1.8861 1.94252 1.74127 2.23823
24 1.01957 1.2596 1.29552 1.39974 1.57128 1.51301 1.69351 1.73342 1.74306
28 1.06103 1.32331 1.32617 1.55529 2.0935 1.92259 2.6628 2.02692 2.1861
32 1.48851 1.30187 1.64816 1.53567 1.57128 2.12505 1.69492 1.78771 1.83596

RAD112 (µM)
Bortezomib (nM)

- = This combination of compounds resulted in cell growth (more than 100%) and was not included in the Compusyn analysis. 

Table 6.5. Combination index (CI) values in MCF7 cells after treatment with RAD112 and sorafenib. 
Combination is synergistic, additive or antagonistic when CI<1, CI=1 or CI>1. 

2 3 4 5 6 7 8 9 10
2 - - 1.94285 1.7106 1.08397 1.07506 1.11256 1.05779 1.11885
4 - 0.82583 1.34362 - 1.14801 1.01029 1.21054 1.1736 0.99904
8 1.77502 1.46508 2.63057 1.33252 1.38345 1.40296 1.29732 1.14715 1.21847

12 1.50362 1.21096 1.23891 1.22723 1.21996 1.19493 0.96184 1.06651 0.90979
16 1.32599 1.48615 1.3443 1.27871 1.34843 1.20285 1.0857 1.45077 1.04328
20 1.60041 1.65298 1.38045 0.63076 0.86195 0.95692 0.93434 0.96858 0.89944
24 0.8757 1.17727 1.2717 1.31627 1.24073 1.39171 0.96269 1.00782 1.03188
28 0.97689 1.37955 1.40736 1.30515 1.42173 1.2104 1.16134 0.99952 0.83353
32 0.74714 1.12022 1.10437 1.10394 1.04202 0.94088 0.94976 0.89243 0.9157

RAD112 (µM)
Sorafenib (µM)

- = This combination of compounds resulted in cell growth (more than 100%) and was not included in the Compusyn analysis. 
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combination of 24µM of RAD112 and 3µM of sorafenib when compared to treatment 

with 3µM of sorafenib alone (Figure 6.2.1.4H). There was also a significant decrease in 

cell viability after treatment with 24µM of RAD112 and 3µM of sorafenib when 

compared to treatment with 24µM of RAD112 (Figure 6.2.1.4H). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2.1.4. Combination of RAD112 with bortezomib or sorafenib in T47D cells. (A) T47D cells 
were treated with RAD112 and bortezomib alone or in combination for 72hrs and the viability was 
measured using an alamarBlue assay. (B) Combination index (CI) plot for combinations of RAD112 and 
bortezomib. (C) T47D cells were treated with RAD112 and sorafenib alone or in combination for 72hrs and 
the viability was measured using an alamarBlue assay. (D) Combination index (CI) plot for combinations of 
RAD112 and sorafenib. (E) Viability of T47D cells after treatment with 2µM of RAD112, 5nM of 
bortezomib and RAD112 and bortezomib combined. (F) Viability of T47D cells after treatment with 8µM 
of RAD112, 3nM of bortezomib and RAD112 and bortezomib combined. (G) Viability of T47D cells after 
treatment with 24µM ofRAD112, 2µM of sorafenib and RAD112 and sorafenib combined. (H) Viability of 
T47D7 cells after treatment with 24µM ofRAD112, 3µM of sorafenib and RAD112 and sorafenib 
combined. The combination is synergistic, additive or antagonistic when CI<1, CI=1 and CI>1. N=3 for 
RAD112+Bortezomib combinations and N=2 for RAD112+sorafenib combinations.*= p<0.05. 
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Treatment with RAD112 and bortezomib in combination in Vero cells resulted in all 

combinations showing either an additive interaction or an antagonistic interaction 

(Figure 6.2.1.5A and B). Treatment with RAD112 and sorafenib in combination in Vero 

cells resulted in combinations that caused slight synergism, however, the majority of the 

combinations showed additive or antagonistic interactions (Figure 6.2.1.5C and D). The 

combination of RAD112 and sorafenib in Vero cells that resulted in slight synergism 

was treatment with 28µM of RAD112 and 9µM of sorafenib with a CI value of 0.83653 

(Table 6.9). This interaction did cause a significant decrease in cell viability after 

treatment with the combination of 28µM of RAD112 and 9µM of sorafenib when 

compared to treatment with 9µM of sorafenib alone (Figure 6.2.1.5G). A significant 

decrease in cell viability was also seen in Vero cells after treatment with 28µM of 

RAD112 and 9µM of sorafenib when compared to treatment with 28µM of RAD112 

alone (Figure 6.2.1.5G). A slight synergistic interaction was observed when treating 

Table 6.6. Combination index (CI) values in T47D cells after treatment with RAD112 and bortezomib. 
Combination is synergistic, additive or antagonistic when CI<1, CI=1 or CI>1. 

1 2 3 4 5 6 7 8 9
2 - - 1.036 1.00404 0.9293 1.00638 1.068 1.10047 1.16487
4 - - 1.36059 1.08173 1.01499 1.03075 1.12189 1.16843 1.23217
8 - - 0.98969 1.15878 1.10933 1.34958 1.20916 1.34914 1.3614

12 - 2.46671 1.33572 1.29115 1.11254 1.27275 1.46822 1.49803 1.43457
16 - 1.57427 1.30981 1.23624 1.74585 1.40177 1.52882 1.4839 1.58293
20 2.41098 1.70833 1.58776 1.35332 1.71667 1.49471 1.58629 1.55064 1.59112
24 1.35033 1.6691 1.38884 1.35476 1.57487 1.48493 1.63639 1.83425 1.67257
28 1.40838 1.55293 1.82224 1.46694 1.78536 1.69862 1.5905 1.76979 1.82519
32 1.38098 2.36674 1.78349 1.82843 1.99226 1.83042 1.72078 1.72893 1.87401

RAD112 (µM)
Bortezomib (nM)

- = This combination of compounds resulted in cell growth (more than 100%) and was not included in the Compusyn analysis. 

Table 6.7. Combination index (CI) values in T47D cells after treatment with RAD112 and sorafenib. 
Combination is synergistic, additive or antagonistic when CI<1, CI=1 or CI>1. 

2 3 4 5 6 7 8 9 10
2 - 1.40178 1.24594 1.25243 0.9446 1.01497 1.0421 1.14345 1.23527
4 1.03343 0.84101 0.94543 0.91784 0.90466 1.03081 1.10814 1.1373 1.25309
8 0.82788 0.94582 1.0304 1.02492 1.01044 1.09703 1.54775 1.29859 1.24022

12 0.96138 0.84125 1.43389 0.89237 0.95442 1.03318 1.03065 1.14382 1.20874
16 0.9955 0.84273 0.82644 0.84264 0.94492 1.08595 1.07627 1.19831 1.20835
20 0.79532 0.90263 0.94564 0.94295 0.99044 1.06538 1.11408 1.15063 1.19291
24 0.75927 0.76712 0.78405 0.87321 0.93336 0.94568 1.03248 1.07634 1.17703
28 0.8431 0.92803 0.81023 0.93913 1.07384 1.16717 1.26233 1.21268 1.20825
32 0.83153 0.90999 0.99459 1.10449 1.14126 1.20691 1.15625 1.13698 1.1853

RAD112 (µM)
Sorafenib (µM)

- = This combination of compounds resulted in cell growth (more than 100%) and was not included in the Compusyn analysis. 
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Vero cells with a combination of 28µM of RAD112 and 10µM of sorafenib with a CI 

value of 0.94277 (Table 6.9). A significant decrease in cell viability was observed after 

treatment with the combination of 28µM of RAD112 and 10µM of sorafenib when 

compared to treatment with 10µM of sorafenib alone (Figure 6.2.1.5H). A significant 

decrease in cell viability was also seen in Vero cells after treatment with 28µM of 

RAD112 and 10µM of sorafenib when compared to treatment with 28µM of RAD112 

alone (Figure 6.2.1.5H). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2.1.5. Combination of RAD112 with bortezomib and sorafenib in Vero cells. (A) Vero 
cells were treated with RAD112 and bortezomib alone or in combination for 72hrs and the viability 
was measured using an alamarBlue assay. (B) Combination index (CI) plot for combinations of 
RAD112 and bortezomib. (C) Vero cells were treated with RAD112 and sorafenib alone or in 
combination for 72hrs and the viability was measured using an alamarBlue assay. (D) Combination 
index (CI) plot for combinations of RAD112 and sorafenib. (E) Viability after treatment with 2µM 
of RAD112, 2nM of bortezomib and RAD112 and bortezomib combined. (F) Viability treatment 
with 4µM of RAD112, 5nM of bortezomib and RAD112 and bortezomib combined. (G) Viability 
after treatment with 28µM of RAD112, 9µM of sorafenib and RAD112 and sorafenib combined. 
(H) Viability after treatment with 28µM of RAD112, 10µM of sorafenib and RAD112 and sorafenib 
combined. The combination is synergistic, additive or antagonistic when CI<1, CI=1 and CI>1. N=3 
for RAD112+Bortezomib combinations and N=3 for RAD112+sorafenib combinations.*= p<0.05. 
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Treatment with RAD112 and bortezomib in combination in HeLa cells resulted in 

interactions that were mainly additive and antagonistic with some interactions that were 

slightly synergistic (Figure 6.2.1.6A and B). A synergistic interaction was observed in 

HeLa cells after treatment with a combination of 12µM of RAD112 and 9nM of 

bortezomib with a CI value of 0.89771 (Table 6.10).  A significant difference in cell 

viability was found in HeLa cells after treatment with the combination of 12µM of 

RAD112 and 9nM of bortezomib when compared to treatment with 9nM of bortezomib 

alone (Figure 6.2.1.6F). A significant decrease in cell viability was found in HeLa cells 

after treatment with 12µM of RAD112 and 9nM of bortezomib when compared to 

treatment with 12µM of RAD112 alone as shown in figure 6.2.1.6F. 

Treatment with RAD112 and sorafenib in combination in HeLa cells showed mainly 

additive and antagonistic interactions with some combinations causing slight synergism 

Table 6.8. Combination index (CI) values in Vero cells after treatment with RAD112 and 
bortezomib. Combination is synergistic, additive or antagonistic when CI<1, CI=1 or CI>1. 

1 2 3 4 5 6 7 8 9
2 - 1.03796 1.50007 1.05683 1.17913 1.15561 1.15951 1.10303 1.10749
4 - 1.16307 1.28651 1.41129 1.09059 1.19387 1.15942 1.10504 1.22644
8 1.14256 1.95372 1.64298 1.44873 1.35198 1.39705 1.28202 1.24798 1.42478

12 1.93536 1.81321 2.25579 1.88471 1.45075 1.67149 1.82781 1.81191 1.77683
16 2.17753 1.52405 1.6588 1.89789 2.32972 1.91044 1.80298 1.74228 1.8284
20 1.44164 1.66818 1.86301 2.06266 2.24742 1.94126 1.76533 1.66314 1.60988
24 1.44535 1.66032 1.64785 1.5904 2.0629 1.57389 1.85533 1.77576 1.7503
28 1.46666 1.90528 2.18376 1.75002 1.95224 1.77819 1.75089 1.83369 1.8844
32 1.6037 1.91643 2.09726 2.23199 2.0334 1.92214 1.91866 1.66289 1.65814

RAD112 (µM)
Bortezomib (nM)

- = This combination of compounds resulted in cell growth (more than 100%) and was not included in the Compusyn analysis. 

Table 6.9. Combination index (CI) values in Vero cells after treatment with RAD112 and sorafenib. 
Combination is synergistic, additive or antagonistic when CI<1, CI=1 or CI>1. 

2 3 4 5 6 7 8 9 10
2 1.25741 1.23121 1.35026 1.46093 1.17131 1.06841 1.06607 1.03094 1.04016
4 1.07331 0.97162 1.28839 1.38978 1.19034 1.25799 1.11937 1.11614 1.05315
8 1.60547 1.48224 1.7534 1.56734 1.48763 1.3935 1.31728 1.55773 1.61186

12 1.4781 1.27041 1.34889 1.43094 1.52129 1.4072 1.20948 1.19941 1.17225
16 1.35263 1.39361 1.67642 1.50949 1.2992 1.41293 1.48567 1.42645 1.1935
20 1.65809 1.78504 1.80731 1.36969 1.46621 1.24898 1.40011 1.31404 1.18509
24 1.27934 1.30434 1.39097 1.20354 1.37802 1.30703 1.25008 1.32897 1.18987
28 1.26594 1.41994 1.6045 1.39517 1.51072 1.39196 1.38112 0.83653 0.94277
32 0.98699 1.3187 1.12069 0.9961 1.21065 0.97739 1.04224 1.22891 0.99062

RAD112 (µM)
Sorafenib (µM)
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(Figure 6.2.1.6C and D). The combination of RAD112 and sorafenib that resulted in the 

strongest synergism was 24µM of RAD112 and 2µM of sorafenib with a CI value of 

0.88689 (Table 6.11).  The cell viability in HeLa cells was significantly decreased after 

treatment with 24µM of RAD112 and 2µM of sorafenib in combination when compared 

to treatment with 2µM of sorafenib alone as shown in figure 6.2.1.6G. A significant 

decrease in cell viability was found in HeLa cells after treatment with 24µM of 

RAD112 and 2µM of sorafenib when compared to treatment with 24µM of RAD112 

alone as shown in figure 6.2.1.6G. Treatment with 12µM of RAD112 and 7µM of 

sorafenib in combination also resulted in a slight synergistic interaction with a CI value 

of 0.92912 (Table 6.11). A significant decrease in cell viability was found in HeLa cells 

after treatment with 12µM of RAD112 and 7µM of sorafenib when compared to 

treatment with 7µM of sorafenib alone (Figure 6.2.1.6H). A significant decrease in cell 

viability was also found after treatment with 12µM of RAD112 and 7µM of sorafenib 

when compared to treatment with 12µM of RAD112 alone in HeLa cells (Figure 

6.2.1.6H). 
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Figure 6.2.1.6. Combination of RAD112 with bortezomib or sorafenib in HeLa cells. (A) HeLa 
cells were treated with RAD112 and bortezomib alone or in combination for 72hrs and the viability 
was measured using an alamarBlue assay. (B) Combination index (CI) plot for combinations of 
RAD112 and bortezomib. (C) HeLa cells were treated with RAD112 and sorafenib alone or in 
combination for 72hrs and the viability was measured using an alamarBlue assay. (D) Combination 
index (CI) plot for combinations of RAD112 and sorafenib. (E) Viability after treatment with 2µM 
of RAD112, 5nM of bortezomib and RAD112 and bortezomib combined. (F) Viability after 
treatment with 12µM of RAD112, 9nM of bortezomib and RAD112 and bortezomib combined. (G) 
Viability after treatment with 24µM of RAD112, 2µM of sorafenib and RAD112 and sorafenib 
combined. (H) Viability after treatment with 12µM of RAD112, 7µM of sorafenib and RAD112 and 
sorafenib combined. The combination is synergistic, additive or antagonistic when CI<1, CI=1 and 
CI>1. N=3 for RAD112+Bortezomib combinations and N=3 for RAD112+sorafenib 
combinations.*= p<0.05. 
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Treatment with RAD112 and bortezomib in combination in MDAMB231 cells resulted 

in synergistic, additive and antagonistic interactions (Figure 6.2.1.7A and B). Treatment 

with RAD112 and sorafenib in combination in MDAMB231 cells resulted in strong 

synergistic interactions but also some additive and antagonistic interactions as seen in 

figure 6.2.1.7C and D. The strongest synergistic interaction occurred with the 

combination of 32µM of RAD112 and 10µM of sorafenib with a CI value of 0.35587 

(Table 6.13). A significant decrease in cell viability was found after treatment with 

32µM of RAD112 and 10µM of sorafenib when compared to treatment with 10µM of 

sorafenib alone (Figure 6.2.1.7G). A significant decrease in cell viability was also seen 

after treatment with 32µM of RAD112 and 10µM of sorafenib when compared to 

treatment with 32µM of RAD112 alone (Figure 6.2.1.7G). A strong synergistic 

interaction was also observed after treatment with 32µM of RAD112 and 9µM of 

sorafenib with a CI value of 0.3901 (Table 6.13). Treatment with 32µM of RAD112 and 

Table 6.10. Combination index (CI) values in HeLa cells after treatment with RAD112 and bortezomib. 
Combination is synergistic, additive or antagonistic when CI<1, CI=1 or CI>1. 

1 2 3 4 5 6 7 8 9
2 1.14788 0.9936 1.01747 1.06063 0.89426 0.9135 1.05961 1.00888 0.95394
4 - 1.32894 1.21629 1.08006 0.97419 0.98507 1.02664 0.99211 0.98032
8 - 1.80584 1.57642 1.38489 1.16926 1.40726 1.1582 1.03989 0.97127

12 1.27789 1.87117 1.65796 1.47698 1.17246 1.02658 1.23135 0.99382 0.89771
16 1.63617 1.71471 1.70362 1.4571 1.60993 1.15341 1.09262 0.98948 1.02678
20 1.66351 1.85722 1.77571 1.48298 1.78379 1.36926 1.17025 1.11803 0.96306
24 1.22881 1.5086 1.61219 1.39465 1.19791 1.54263 1.05037 0.97274 1.03807
28 1.42178 1.48618 1.55697 1.39264 1.24163 1.0141 1.08613 1.17716 1.0852
32 1.31613 1.45574 1.36895 1.34559 1.10351 1.07831 1.05743 1.03132 1.09147

RAD112 (µM)
Bortezomib (nM)

- = This combination of compounds resulted in cell growth (more than 100%) and was not included in the Compusyn analysis. 

2 3 4 5 6 7 8 9 10
2 - - 1.59593 1.45406 0.99374 1.03284 0.95723 1.0023 1.06956
4 1.35195 1.05705 0.94899 1.1091 1.04165 1.02272 1.04637 1.04682 1.10247
8 1.07116 1.07807 1.41324 1.20143 1.18443 1.10703 1.3063 1.2488 1.10313

12 1.12831 1.0477 1.11753 0.9825 0.99628 0.92912 0.93206 0.98797 1.01635
16 1.02774 0.94078 0.94691 0.98824 1.02083 1.10644 1.02339 1.02513 1.08416
20 1.06905 1.10692 1.20032 1.06241 1.08137 1.0402 1.10172 1.08373 1.09548
24 0.88689 0.91215 0.87331 0.94283 1.01856 1.01832 1.06334 1.12033 1.1555
28 1.04008 1.05315 1.08972 1.17045 1.16436 1.36002 1.29764 1.19913 1.12283
32 0.9699 1.02482 1.06175 1.11395 1.20429 1.0817 1.08366 1.06425 1.02851

RAD112 (µM)
Sorafenib (µM)

Table 6.11. Combination index (CI) values in HeLa cells after treatment with RAD112 and sorafenib. 
Combination is synergistic, additive or antagonistic when CI<1, CI=1 or CI>1. 

- = This combination of compounds resulted in cell growth (more than 100%) and was not included in the Compusyn analysis. 
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9µM of sorafenib resulted in a significant decrease in cell viability when compared to 

treatment with 9µM of sorafenib as seen in figure 6.2.1.7H. A significant decrease in 

cell viability in MDAMB231 cells was also seen after treatment with 32µM of RAD112 

and 9µM of sorafenib when compared to treatment with 32µM of RAD112 alone 

(Figure 6.2.1.7G). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2.1.7. Combination of RAD112 with bortezomib or sorafenib in MDAMB231 cells. 
(A) MDAMB231 cells were treated with RAD112 and bortezomib alone or in combination for 
72hrs and the viability was measured using an alamarBlue assay. (B) Combination index (CI) plot 
for combinations of RAD112 and bortezomib. (C) MDAMB231 cells were treated with RAD112 
and sorafenib alone or in combination for 72hrs and the viability was measured using an 
alamarBlue assay. (D) Combination index (CI) plot for combinations of RAD112 and sorafenib. 
(E) Viability after treatment with 32µM of RAD112, 1nM of bortezomib and RAD112 and 
bortezomib combined. (F) Viability after treatment with 24µM of RAD112, 1nM of bortezomib 
and RAD112 and bortezomib combined. (G) Viability after treatment with 32µM of RAD112, 
10µM of sorafenib and RAD112 and sorafenib combined. (H) Viability after treatment with 32µM 
of RAD112, 9µM of sorafenib and RAD112 and sorafenib combined. The combination is 
synergistic, additive or antagonistic when CI<1, CI=1 and CI>1. N=2 for RAD112+Bortezomib 
combinations and N=2 for RAD112+sorafenib combinations.*= p<0.05. 
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Treatment with RAD112 and bortezomib in combination in MCF7MDR cells resulted 

in interactions that were generally additive and antagonistic (Figure 6.2.1.8A and B). 

Treatment with RAD112 and sorafenib in MCF7MDR cells resulted in many 

combinations showing antagonistic or synergistic interactions (Figure 6.2.1.7C and D). 

There was one combination that showed a slight synergistic effect and that was 

treatment with 32µM of RAD112 and 9µM of sorafenib to have a CI value of 0.93014 

(Table 6.15). This combination resulted in a significant decrease in the cell viability of 

MCF7MDR cells when compared to treatment with 9µM of sorafenib alone (Figure 

6.2.1.8G). A significant decrease in cell viability was also observed in MCF7MDR cells 

2 3 4 5 6 7 8 9 10
2 1.12678 1.21367 1.63806 2.27626 1.97404 3.09762 4.39301 1.6774 0.6482
4 1.80512 3.39028 4.80789 1.44061 1.16856 2.63117 2.79104 1.30966 0.94839
8 1.17177 2.43065 1.6382 2.07727 2.63845 1.7334 7.44691 1.2176 0.67059

12 1.25443 1.78427 0.59713 1.63999 2.20815 2.706 1.8868 1.54876 0.79198
16 1.99789 1.10081 1.298 1.28232 1.46089 2.546 1.55565 0.80789 0.67514
20 1.05958 1.02305 1.03188 1.35897 1.51004 1.19259 0.26085 0.5579 0.41928
24 1.00681 0.93889 1.05774 0.88375 0.91769 0.85749 0.66667 0.45967 0.45817
28 1.07011 0.96034 0.90885 0.85247 1.57783 0.83122 0.62963 0.58304 0.90935
32 1.46674 1.8835 1.54527 1.31146 1.33414 0.93813 0.56662 0.3901 0.35587

Sorafenib (µM)
RAD112 (µM)

Table 6.13. Combination index (CI) values in MDAMB231 cells after treatment with RAD112 and 
sorafenib. Combination is synergistic, additive or antagonistic when CI<1, CI=1 or CI>1. 

Table 6.12. Combination index (CI) values in MDAMB231 cells after treatment with RAD112 and 
bortezomib. Combination is synergistic, additive or antagonistic when CI<1, CI=1 or CI>1. 

1 2 3 4 5 6 7 8 9
2 - - - - - - 3.06231 1.19428 1.13746
4 - - - - - 1.51222 1.41351 1.18907 1.5322
8 - - - - 2.23415 9.09848 1.33568 1.19834 1.31824

12 0.91754 1.11981 1.21994 1.61758 1.64426 1.26954 2.0385 1.01292 1.09211
16 1.0615 0.70478 0.95191 1.21871 1.20421 1.15418 1.0649 1.11238 1.01789
20 0.74203 0.66694 1.53789 1.22153 1.63625 0.97708 1.08851 0.91521 0.88338
24 0.61705 0.66519 0.78109 0.91689 0.72977 0.98713 0.76717 0.74191 0.80945
28 0.69278 0.79498 1.00016 0.92853 0.8351 0.74419 0.71271 0.73788 0.83766
32 0.59425 0.81139 0.83593 0.64115 0.81632 0.69523 0.72374 0.69041 0.69854

RAD112 (µM)
Bortezomib (nM)

- = This combination of compounds resulted in cell growth (more than 100%) and was not included in the Compusyn analysis. 
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after treatment with 32µM of RAD112 and 9µM of sorafenib when compared to 

treatment with 9µM of sorafenib alone as shown in figure 6.2.1.8G.  

 

 

  

Figure 6.2.1.8. Combination of RAD112 with bortezomib or sorafenib in MCF7MDR cells. (A) 
MCF7MDR cells were treated with RAD112 and bortezomib alone or in combination for 72hrs and 
the viability was measured using an alamarBlue assay. (B) Combination index (CI) plot for 
combinations of RAD112 and bortezomib. (C) MCF7MDR cells were treated with RAD112 and 
sorafenib alone or in combination for 72hrs and the viability was measured using an alamarBlue 
assay. (D) Combination index (CI) plot for combinations of RAD112 and sorafenib. (E) Viability 
after treatment with 24µM of RAD112, 1nM of bortezomib and RAD112 and bortezomib 
combined. (F) Viability after treatment with 24µM of RAD112, 2nM of bortezomib and RAD112 
and bortezomib combined. (G) Viability after treatment with 32µM of RAD112, 9µM of sorafenib 
and RAD112 and sorafenib combined. (H) Viability after treatment with 4µM of RAD112, 8µM of 
sorafenib and RAD112 and sorafenib combined. The combination is synergistic, additive or 
antagonistic when CI<1, CI=1 and CI>1. N=3 for RAD112+Bortezomib combinations and N=3 for 
RAD112+sorafenib combinations.*= p<0.05. 
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  Table 6.14. Combination index (CI) values in MCF7MDR cells after treatment with RAD112 
and bortezomib. Combination is synergistic, additive or antagonistic when CI<1, CI=1 or 
CI>1. 

1 2 3 4 5 6 7 8 9
2 - - - - - - 1.53477 1.24536 1.28928
4 - - - - 1.38374 1.05035 1.10135 1.18543 1.24081
8 - - - - 2.1604 1.68393 1.85319 1.42444 1.56416

12 - - - - 1.92924 1.42032 1.50947 1.40779 1.38327
16 - 1.42104 1.55551 1.57245 1.73007 1.95029 1.56256 1.656 1.68109
20 1.4222 1.33117 1.35395 1.20691 1.28562 1.28765 1.26013 1.37437 1.39789
24 0.97982 1.07337 1.17736 1.20811 1.24545 1.26002 1.40381 1.39906 1.4481
28 1.15312 1.27759 1.30728 1.58765 1.78515 1.85755 1.83737 1.58027 1.59011
32 1.20124 1.22012 1.50818 1.47514 1.58697 1.63635 1.60889 1.68389 1.75518

RAD112 (µM)
Bortezomib (nM)

- = This combination of compounds resulted in cell growth (more than 100%) and was not included in the Compusyn analysis. 

Table 6.15. Combination index (CI) values in MCF7MDR cells after treatment with RAD112 
and sorafenib. Combination is synergistic, additive or antagonistic when CI<1, CI=1 or CI>1. 

2 3 4 5 6 7 8 9 10
2 - 11.7184 3.84617 3.50649 1.12768 1.1575 1.17697 1.19938 1.45006
4 4.68206 1.24993 1.67518 2.49468 1.26521 1.22347 1.10448 1.60429 1.32042
8 1.29382 1.6913 1.57983 1.98162 1.97624 1.92139 2.00554 1.82791 1.22953

12 1.26043 1.27386 1.22975 1.32994 1.37555 1.28516 1.19314 1.58709 1.23102
16 1.67266 1.36282 1.66394 1.29942 1.30781 1.39711 1.48435 1.38672 1.40338
20 1.27823 1.37719 1.49479 1.37994 1.2493 1.3049 1.20996 1.11669 1.16578
24 1.37674 1.3312 1.25616 1.41469 1.39749 1.27323 1.38967 1.29567 1.40581
28 1.93057 1.59844 1.47914 1.79514 1.6731 1.76756 2.08756 1.2244 1.14733
32 1.44131 1.47219 1.48699 1.47795 1.50273 1.34871 1.27278 0.93014 1.19705

RAD112 (µM)
Sorafenib (µM)

- = This combination of compounds resulted in cell growth (more than 100%) and was not included in the Compusyn analysis. 
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6.2.2 Combinational experiments with psammaplysin F and bortezomib and 

sorafenib 

All cell lines were treated with 2, 3, 4, 5, 6, 7, 8, 9 and 10µM of psammaplysin F and 1, 

2, 3, 4, 5, 6, 7, 8 and 9nM of bortezomib and 2, 3, 4, 5, 6, 7, 8, 9 and 10µM of sorafenib 

alone and in combination for 72hrs and the viability was assessed using the alamarBlue 

assay as described in chapter 2 section 2.15. The cell viability curves used to determine 

the IC50s of bortezomib and sorafenib are shown in chapter 3 section 3.2 and the cell 

viability curves for psammaplysin F are shown below in figure 6.2.2.1. The effect of the 

combination of compounds was assessed using Compusyn software which analysed the 

inhibition of the compounds alone and in combination and denotes a combination index 

(CI) value for each combination. The interaction for each combination can be 

determined as synergistic, additive or antagonistic when CI<1, CI=1 and CI>1 

respectively. 
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Figure 6.2.2.1. Determining the IC50 of psammaplysin F in HEK293, MCF7, T47D, Vero, HeLa, 
MDAMB231 and MCF7MDR cells. The graphs show the viability curves of RAD112 in (A) 
HEK293, (B) MCF7, (C) T47D, (D) Vero, (E) HeLa, (F) MDAMB231 and (G) MCF7MDR cells in 
a 384-well plate after treatment with different concentrations of psammaplysin F (2, to20µM). Each 
data point is the mean ± sem. N= 3.  
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In HEK293 cells after treatment with psammaplysin F and bortezomib there appeared to 

be a strong synergistic interaction between the higher concentrations (Figure 6.2.2.2A 

and B) with the lowest CI value 0.38759 occurring with 7µM of psammaplysin F and 

9nM of bortezomib (Table 6.16). A significant decrease in cell viability was found 

when comparing treatment with 9nM of bortezomib and treatment with combined 7µM 

of psammaplysin F and 9nM of bortezomib (Figure 6.2.2.2E). A significant decrease in 

cell viability was also found in HEK293 cells after treatment with 7µM of 

psammaplysin F and 9nM of bortezomib when compared to treatment with 7µM of 

psammaplysin F alone (Figure 6.2.2.E). There was also a strong synergistic interaction 

between 10µM of psammaplysin F and 8nM of bortezomib with a CI value of 0.40757 

(Table 6.16). A significant decrease in cell viability was found after treatment with 8nM 

of bortezomib compared to the combination of 10µM of psammaplysin F and 8nM of 

bortezomib (Figure 6.2.2.2F). A significant decrease in cell viability was also found in 

HEK293 cells after treatment with 10µM of psammaplysin F and 8nM of bortezomib 

when compared to treatment with 7µM of psammaplysin F alone (Figure 6.2.2.F). 

Treatment with psammaplysin F and sorafenib in combination in HEK293 cells resulted 

in mostly synergistic and additive combinations (Figure 6.2.2.2C and D) with the best 

combination that resulted in synergism was treatment with 10µM of psammaplysin F 

and 2µM of sorafenib with a CI value of 0.412 (Table 6.17). A significant decrease was 

found in cell viability of HEK293 cells after treatment with 10µM of psammaplysin F 

and 2µM of sorafenib when compared to treatment with 2µM of sorafenib (Figure 

6.2.2.2G). A significant decrease in cell viability was also found in HEK293 cells after 

treatment with 10µM of psammaplysin F and 2µM of sorafenib when compared to 

treatment with 10µM of psammaplysin F alone (Figure 6.2.2.G). There was also a 

synergistic interaction between 10µM of psammaplysin F and 3µM of sorafenib with a 

CI value of 0.46295 (Table 6.17). A significant decrease in cell viability was seen after 

treatment with 3µM of sorafenib when compared to the combination of 10µM of 

psammaplysin F and 3µM of sorafenib (Figure 6.2.2.2H). A significant decrease in cell 

viability was also found in HEK293 cells after treatment with 10µM of psammaplysin F 

and 3µM of sorafenib when compared to treatment with 10µM of psammaplysin F 

alone (Figure 6.2.2.H). 
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Figure 6.2.2.2. Combination of psammaplysin F with bortezomib or sorafenib in HEK293 
cells. (A) HEK293 cells were treated with psammaplysin F and bortezomib alone or in combination 
for 72hrs and the viability was measured using an alamarBlue assay. (B) Combination index (CI) 
plot for combinations of psammaplysin F and bortezomib. (C) HEK293 cells were treated with 
psammaplysin F and sorafenib alone or in combination for 72hrs and the viability was measured 
using an alamarBlue assay. (D) Combination index (CI) plot for combinations of psammaplysin F 
and sorafenib. (E) Viability after treatment with 7µM of psammaplysin F, 9nM of bortezomib and 
psammaplysin F and bortezomib combined. (F) Viability after treatment with 10µM of 
psammaplysin F, 8nM of bortezomib and psammaplysin F and bortezomib combined. (G) Viability 
after treatment with 10µM of psammaplysin F, 2µM of sorafenib and psammaplysin F and sorafenib 
combined. (H) Viability after treatment with 10µM of psammaplysin F, 3µM of sorafenib and 
psammaplysin F and sorafenib combined. The combination is synergistic, additive or antagonistic 
when CI<1, CI=1 and CI>1. N=3 for psammaplysin F+ bortezomib combinations and N=1 for 
psammaplysin F+ sorafenib combinations.*= p<0.05. 
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Treatment with psammaplysin F and bortezomib in combination in MCF7 cells resulted 

in slight synergism but most combinations resulted in an additive or antagonistic effect 

(Figure 6.2.2.3A and B). The most synergistic combination was the combination of 

10µM of psammaplysin F and 1nM of bortezomib with a CI value of 0.80685 (Table 

6.18). A significant decrease in cell viability was seen in MCF7 cells after treatment 

with the combination of 10µM of psammaplysin F and 1nM of bortezomib compared to 

treatment with 1nM of bortezomib alone as seen in figure 6.2.2.3E. A significant 

decrease in cell viability was also found in MCF7 cells after treatment with 10µM of 

psammaplysin F and 1nM of bortezomib when compared to treatment with 10µM of 

psammaplysin F alone (Figure 6.2.2.3E). A slight synergistic effect was also seen after 

treatment with 10µM of psammaplysin F and 2nM of bortezomib in MCF7 cells with a 

Table 6.16. Combination index (CI) values in HEK293 cells after treatment with psammaplysin F 
and bortezomib. Combination is synergistic, additive or antagonistic when CI<1, CI=1 or CI>1. 

1 2 3 4 5 6 7 8 9
2 - 1.74527 1.40005 1.35402 1.14207 1.04975 0.99704 1.01288 1.0166
3 1.78493 1.65395 1.16831 1.04748 1.03188 1.00356 0.97842 0.91849 0.96998
4 1.45749 1.41642 1.36667 1.20643 1.00873 0.97943 0.93744 0.92278 0.96002
5 1.17523 1.24177 1.03492 0.96318 0.85385 0.78453 0.87379 0.79719 0.7652
6 1.13901 1.17174 0.91192 0.82571 0.85536 0.76008 0.74772 0.7584 0.84328
7 1.13844 1.19019 0.80607 0.80146 0.61436 0.58087 0.62854 0.46098 0.38759
8 0.95621 0.82732 0.74428 0.4952 0.53991 0.42499 0.5267 0.56406 0.5222
9 0.79206 0.68244 0.66492 0.62989 0.57946 0.70188 0.66887 0.51862 0.70149

10 0.51816 0.59482 0.49005 0.60122 0.61745 0.57749 0.48621 0.40757 0.43298

Psammaplysin F 
(µM)

Bortezomib (nM)

- = This combination of compounds resulted in cell growth (more than 100%) and was not included in the Compusyn analysis. 

Table 6.17. Combination index (CI) values in HEK293 cells after treatment with psammaplysin F 
and sorafenib. Combination is synergistic, additive or antagonistic when CI<1, CI=1 or CI>1. 

2 3 4 5 6 7 8 9 10
2 - 1.68194 1.44632 1.24362 1.08113 1.05999 1.04512 0.9616 1.01617
3 1.39259 1.42833 1.28265 1.12585 0.92149 1.11008 1.09713 1.04309 1.01292
4 1.0273 0.93624 1.38464 0.95152 1.03412 0.91539 0.88349 0.93501 0.98739
5 0.78976 0.85098 0.8441 0.80866 0.8962 0.87162 0.79081 0.94822 0.97953
6 0.69598 0.73484 0.71124 0.75865 0.77906 0.73928 0.82651 0.91374 0.94569
7 0.70265 0.78671 0.67875 0.66455 0.65967 0.73008 0.7786 0.89969 0.89581
8 0.72914 0.75422 0.6739 0.64596 0.68015 0.7662 0.83438 0.85585 0.98264
9 0.63753 0.64296 0.52852 0.67019 0.70063 0.78668 0.85387 0.84743 0.92633

10 0.412 0.46295 0.48585 0.56639 0.66678 0.72749 0.80803 0.83502 0.91212

Psammaplysin F 
(µM)

Sorafenib (µM)

- = This combination of compounds resulted in cell growth (more than 100%) and was not included in the Compusyn analysis. 
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CI value of 0.90857 (Table 6.18). A significant decrease in cell viability was seen in 

MCF7 cells after treatment with the combination of 10µM of psammaplysin F and 2nM 

of bortezomib when compared to treatment with 2nM of bortezomib alone (Figure 

6.2.2.3F). A significant decrease in cell viability was also found in MCF7 cells after 

treatment with 10µM of psammaplysin F and 2nM of bortezomib when compared to 

treatment with 10µM of psammaplysin F alone (Figure 6.2.2.3.F). 

Treatment with psammaplysin F and sorafenib in combination in MCF7 cells showed 

strong synergism and a slight additive effect (Figure 6.2.2.3C and D). The combination 

that resulted in the strongest synergism was after treatment with psammaplysin F at 

10µM and 2µM of sorafenib with a CI value of 0.45437 (Table 6.19). A significant 

decrease in cell viability was observed after treatment with psammaplysin F at 10µM 

and 2µM of sorafenib when compared to treatment of sorafenib at 2µM alone as shown 

in figure 6.2.2.3G. A significant decrease in cell viability was also found in MCF7 cells 

after treatment with 10µM of psammaplysin F and 2µM of sorafenib when compared to 

treatment with 10µM of psammaplysin F alone as shown in figure 6.2.2.3G. Treatment 

with the combination of 9µM of psammaplysin F and 10µM of sorafenib also resulted 

in a synergistic interaction in MCF7 cells with the CI value as 0.49292 (Table 6.19). 

This interaction was found to cause a significant decrease in the cell viability of MCF7 

cells after treatment with 9µM of psammaplysin F and 10µM of sorafenib when 

compared to treatment with 10µM of sorafenib alone (Figure 6.2.2.3H). A significant 

decrease in cell viability was also found in MCF7 cells after treatment with 9µM of 

psammaplysin F and 10µM of sorafenib when compared to treatment with 9µM of 

psammaplysin F alone as shown in figure 6.2.2.3H. 
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Figure 6.2.2.3. Combination of psammaplysin F with bortezomib or sorafenib in MCF7 cells. (A) 
MCF7 cells were treated with psammaplysin F and bortezomib alone or in combination for 72hrs and 
the viability was measured using an alamarBlue assay. (B) Combination index (CI) plot for 
combinations of psammaplysin F and bortezomib. (C) MCF7 cells were treated with psammaplysin F 
and sorafenib alone or in combination for 72hrs and the viability was measured using an alamarBlue 
assay. (D) Combination index (CI) plot for combinations of psammaplysin F and sorafenib. (E) 
Viability after treatment with 10µM of psammaplysin F, 1nM of bortezomib and psammaplysin F and 
bortezomib combined. (F) Viability after treatment with 10µM of psammaplysin F, 2nM of bortezomib 
and psammaplysin F and bortezomib combined. (G) Viability after treatment with 10µM of 
psammaplysin F, 2µM of sorafenib and psammaplysin F and sorafenib combined. (H) Viability after 
treatment with 9µM of psammaplysin F, 10µM of sorafenib and psammaplysin F and sorafenib 
combined. The combination is synergistic, additive or antagonistic when CI<1, CI=1 and CI>1. N=3 for 
psammaplysin F+ bortezomib combinations and N=3 for psammaplysin F+ sorafenib combinations.*= 
p<0.05. 
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Treatment with psammaplysin F and bortezomib in combination in T47D cells resulted 

in slight synergistic interactions with combinations also having additive and 

antagonistic interactions (Figure 6.2.2.4A and B). The combination that resulted in the 

most synergistic interaction was treatment with 10µM of psammaplysin F and 1nM of 

bortezomib with a CI value of 0.71385 (Table 6.20). This interaction resulted in a 

significant decrease in cell viability in T47D cells when comparing treatment with the 

combination of 10µM of psammaplysin F and 1nM of bortezomib to treatment with 

1nM of bortezomib alone (Figure 6.2.2.4E). A significant decrease in cell viability was 

also seen in T47D cells after treatment with 10µM of psammaplysin F and 1nM of 

bortezomib when compared to treatment with 10µM of psammaplysin F alone (Figure 

6.2.2.4E). A synergistic interaction was also observed after treatment with 10µM of 

psammaplysin F and 2nM of bortezomib with a CI value of 0.73053 (Table 6.20). The 

cell viability in T47D cells was significantly decreased after treatment with 10µM of 

Table 6.19. Combination index (CI) values in MCF7 cells after treatment with psammaplysin F and 
sorafenib. Combination is synergistic, additive or antagonistic when CI<1, CI=1 or CI>1. 

2 3 4 5 6 7 8 9 10
2 0.82174 1.1888 1.18032 0.84619 1.21812 1.04154 1.14908 1.08775 0.99292
3 0.99765 0.87822 1.08626 1.21496 1.34738 1.04281 0.96067 0.98842 0.90239
4 1.25799 1.08312 1.08764 1.02522 1.18495 0.9991 1.16545 1.08704 0.93423
5 1.13059 0.88737 0.91829 0.901 0.8675 0.76875 0.82498 0.79851 0.6481
6 0.79644 0.6683 1.14343 0.8359 0.89257 0.67473 0.85223 0.94975 0.72671
7 1.06029 0.86546 0.76977 0.57959 0.69367 0.67162 0.61429 0.58624 0.56803
8 0.61666 0.58765 0.59737 0.57278 0.60481 0.5657 0.6226 0.6204 0.61547
9 0.63957 0.68033 1.05879 0.69675 0.61208 0.70361 0.62765 0.49623 0.49292

10 0.45437 0.5293 0.56329 0.5517 0.57364 0.51026 0.57737 0.48033 0.52047

Psammaplysin F 
(µM)

Sorafenib (µM)

Table 6.18. Combination index (CI) values in MCF7 cells after treatment with psammaplysin F and 
bortezomib. Combination is synergistic, additive or antagonistic when CI<1, CI=1 or CI>1. 

1 2 3 4 5 6 7 8 9
2 - - - - - 1.71357 1.47251 1.47884 1.37763
3 1.25767 1.41597 1.93417 2.10342 1.74302 1.58604 1.60073 1.72254 1.49867
4 0.97055 1.10173 1.19736 1.37019 1.42437 1.4483 1.3889 1.60103 1.55067
5 1.0327 1.06813 1.21391 1.3156 1.39272 1.32354 1.36851 1.42106 1.47522
6 0.9088 1.05502 1.16511 1.24307 1.2979 1.31622 1.32483 1.42882 1.46054
7 1.13423 1.2192 1.21278 1.22825 1.15534 1.18278 1.21931 1.25641 1.06004
8 0.91835 0.9572 1.06337 1.07104 1.12285 1.16983 1.16152 1.17861 1.2593
9 1.06143 1.08653 1.07289 1.1506 1.17249 1.44447 1.36334 1.07092 1.13001

10 0.80685 0.90857 1.02632 1.03138 1.09018 1.00583 1.217 1.12451 1.092

Psammaplysin F 
(µM)

Bortezomib (nM)

- = This combination of compounds resulted in cell growth (more than 100%) and was not included in the Compusyn analysis. 
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psammaplysin F and 2nM of bortezomib when compared to treatment with 2nM of 

bortezomib alone (Figure 6.2.2.4F). A significant decrease in cell viability was also 

seen in T47D cells after treatment with 10µM of psammaplysin F and 2nM of 

bortezomib when compared to treatment with 10µM of psammaplysin F alone (Figure 

6.2.2.4E). 

Treatment with psammaplysin F and sorafenib in combination in T47D cells resulted in 

a small amount of slightly synergistic interactions with more combinations resulting in 

additive and antagonistic interactions (Figure 6.2.2.4C and D). The most synergistic 

interaction in T47D cells occurred with the combination of 8µM of psammaplysin F and 

8µM of sorafenib with a CI value of 0.74584 (Table 6.21). The cell viability of T47D 

cells after treatment with the combination of 8µM of psammaplysin F and 8µM of 

sorafenib was significantly decreased when compared to treatment of 8µM of sorafenib 

alone as shown in figure 6.2.2.4G. A significant decrease in cell viability was also seen 

in T47D cells after treatment with 8µM of psammaplysin F and 8µM of sorafenib when 

compared to treatment with 8µM of psammaplysin F alone (Figure 6.2.2.4G). A slight 

synergistic interaction was observed after treatment with the combination of 10µM of 

psammaplysin F and 3µM of sorafenib with a CI value of 0.92867 (Table 6.21). There 

was a significant difference found in the cell viability of T47D cells after treatment with 

the combination of 10µM of psammaplysin F and 3µM of sorafenib when compared to 

treatment with 3µM of sorafenib (Figure 6.2.2.4H). A significant decrease in cell 

viability was also seen in T47D cells after treatment with 10µM of psammaplysin F and 

3µM of sorafenib when compared to treatment with 10µM of psammaplysin F alone 

(Figure 6.2.2.4H). 
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Figure 6.2.2.4. Combination of psammaplysin F with bortezomib or sorafenib in T47D cells. (A) 
T47D cells were treated with psammaplysin F and bortezomib alone or in combination for 72hrs and 
the viability was measured using an alamarBlue assay. (B) Combination index (CI) plot for 
combinations of psammaplysin F and bortezomib. (C) T47D cells were treated with psammaplysin F 
and sorafenib alone or in combination for 72hrs and the viability was measured using an alamarBlue 
assay. (D) Combination index (CI) plot for combinations of psammaplysin F and sorafenib. (E) 
Viability after treatment with 10µM of psammaplysin F, 1nM of bortezomib and psammaplysin F and 
bortezomib combined. (F) Viability after treatment with 10µM of psammaplysin F, 2nM of 
bortezomib and psammaplysin F and bortezomib combined. (G) Viability after treatment with 8µM of 
psammaplysin F, 8µM of sorafenib and psammaplysin F and sorafenib combined. (H) Viability after 
treatment with 10µM of psammaplysin F, 3µM of sorafenib and psammaplysin F and sorafenib 
combined. The combination is synergistic, additive or antagonistic when CI<1, CI=1 and CI>1. N=3 
for psammaplysin F+ bortezomib combinations and N=3 for psammaplysin F+ sorafenib 
combinations.*= p<0.05. 
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Treatment with psammaplysin F and bortezomib in combination in Vero cells showed 

mostly synergistic interactions with a few of the lower concentration combinations 

showing a additive effect (Figure 6.2.2.5A and B). The most synergistic interaction 

occurred after treatment with a combination of 3µM of psammaplysin F and 9nM of 

bortezomib with a CI value of 0.55858 (Table 6.22). This interaction caused a 

significant decrease in cell viability in Vero cells after treatment with the combination 

of 3µM of psammaplysin F and 9nM of bortezomib when compared to treatment with 

9nM of bortezomib alone (Figure 6.2.2.5E). A significant decrease in cell viability was 

also found in Vero cells after treatment with 3µM of psammaplysin F and 9nM of 

bortezomib when compared to treatment with 3µM of psammaplysin F as shown in 

figure 6.2.2.5E. A synergistic interaction also occurred after treatment with 5µM of 

psammaplysin F and 9nM of bortezomib in Vero cells with a CI value of 0.59202 

(Table 6.22). This interaction resulted in a significant decrease in cell viability in Vero 

Table 6.20. Combination index (CI) values in T47D cells after treatment with psammaplysin F and 
bortezomib. Combination is synergistic, additive or antagonistic when CI<1, CI=1 or CI>1. 

1 2 3 4 5 6 7 8 9
2 1.77002 1.44179 1.51661 1.64657 1.50946 1.63828 1.5793 1.5075 1.50505
3 1.33959 1.43176 1.38668 1.4435 1.43136 1.53324 1.58976 1.34786 1.37489
4 1.22987 1.3644 1.38324 1.45253 1.38935 1.40166 1.46731 1.41816 1.26875
5 1.10579 1.14524 1.32438 1.31891 1.47129 1.38625 1.13332 1.03408 1.0576
6 1.05417 1.07166 1.10623 1.2213 1.24037 1.16185 1.12744 1.05279 1.07207
7 1.06719 1.48672 1.04171 1.10402 1.18609 1.21508 0.87671 1.02471 0.94291
8 0.84444 0.94353 0.87408 0.87092 0.86594 0.87075 0.90804 0.99404 0.92806
9 0.93901 0.89244 0.80249 0.83639 0.83129 0.87935 0.89332 0.85474 0.84456

10 0.71385 0.73053 0.82932 0.77917 0.88898 0.79413 0.85213 0.78512 0.86131

Psammaplysin F 
(µM)

Bortezomib (nM)

Table 6.21. Combination index (CI) values in T47D cells after treatment with psammaplysin F and 
sorafenib. Combination is synergistic, additive or antagonistic when CI<1, CI=1 or CI>1. 

2 3 4 5 6 7 8 9 10
2 1.18103 0.92991 1.01615 1.06185 1.0957 1.27851 1.23647 1.25244 1.37487
3 0.99929 1.09047 1.06532 1.0266 1.13312 1.28436 1.34644 1.38228 1.45148
4 1.16478 1.02771 1.14325 1.1614 1.23593 1.30903 1.37495 1.48751 1.61391
5 1.06225 1.07842 1.12231 1.172 1.25685 1.31195 1.35234 1.63581 1.50878
6 0.98318 1.02797 1.18677 1.23996 1.34521 1.42107 1.44434 1.45204 1.59179
7 0.94062 1.00973 1.01539 1.16019 1.14112 1.23789 1.16883 1.20387 1.22933
8 0.95311 1.01948 1.20024 1.19859 1.15114 1.19104 0.74584 1.23857 1.28317
9 1.21523 0.95322 0.93154 1.01278 1.07563 1.12564 1.30157 1.06976 1.15352

10 0.98106 0.92867 1.03007 1.07116 1.27743 1.02727 0.94902 1.24334 1.07233

Psammaplysin F 
(µM)

Sorafenib (µM)
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cells after treatment with the combination of 5µM of psammaplysin F and 9nM of 

bortezomib when compared to treatment with 9nM of bortezomib (Figure 6.2.2.5F). A 

significant decrease in cell viability was also found in Vero cells after treatment with 

5µM of psammaplysin F and 9nM of bortezomib when compared to treatment with 

5µM of psammaplysin F as shown in figure 6.2.2.5F. 

Treatment with psammaplysin F and sorafenib in Vero cells resulted in slight 

synergistic interactions, however, most interactions were additive or antagonistic 

(Figure 6.2.2.5C and D). The most synergistic interaction in Vero cells occurred after 

treatment with 10µM of psammaplysin F and 5µM of sorafenib in combination with a 

CI value of 0.86981 (Table 6.23). The interaction of 10µM of psammaplysin F and 5µM 

of sorafenib in combination resulted in a significant decrease in cell viability in Vero 

cells when compared to treatment with 5µM of sorafenib alone (Figure 6.2.2.5G). A 

significant decrease in cell viability was also found after treatment with 10µM of 

psammaplysin F and 5µM of sorafenib when compared to treatment with 10µM of 

psammaplysin F as shown in figure 6.2.2.5G.  
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Figure 6.2.2.5. Combination of psammaplysin F with bortezomib or sorafenib in Vero cells. 
(A) Vero cells were treated with psammaplysin F and bortezomib alone or in combination for 72hrs 
and the viability was measured using an alamarBlue assay. (B) Combination index (CI) plot for 
combinations of psammaplysin F and bortezomib. (C) Vero cells were treated with psammaplysin F 
and sorafenib alone or in combination for 72hrs and the viability was measured using an alamarBlue 
assay. (D) Combination index (CI) plot for combinations of psammaplysin F and sorafenib. (E) 
Viability after treatment with 3µM of psammaplysin F, 9nM of bortezomib and psammaplysin F 
and bortezomib combined. (F) Viability after treatment with 5µM of psammaplysin F, 9nM of 
bortezomib and psammaplysin F and bortezomib combined. (G) Viability after treatment with 
10µM of psammaplysin F, 5µM of sorafenib and psammaplysin F and sorafenib combined. (H) 
Viability after treatment with 9µM of psammaplysin F, 3µM of sorafenib and psammaplysin F and 
sorafenib combined.  The combination is synergistic, additive or antagonistic when CI<1, CI=1 and 
CI>1. N=3 for psammaplysin F+ bortezomib combinations and N=2 for psammaplysin F+ sorafenib 
combinations.*= p<0.05. 
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Treatment with psammaplysin F and bortezomib in combination in HeLa cells resulted 

in mostly additive and antagonistic interactions, with some combinations displaying 

slight synergism (Figure 6.2.2.6A and B). The combination of psammaplysin F and 

bortezomib that resulted in the strongest synergism in HeLa cells was 8µM of 

psammaplysin F and 1nM of bortezomib with a CI value of 0.87755 (Table 6.24). The 

combination of 8µM of psammaplysin F and 1nM of bortezomib resulted in a 

significant decrease in cell viability when compared to treatment with 1nM of 

bortezomib alone as shown in figure 6.2.2.6E. Treatment with 8µM of psammaplysin F 

and 1nM of bortezomib resulted in a significant decrease in cell viability when 

compared to treatment with 8µM of psammaplysin F alone (Figure 6.2.2.6E). Another 

Table 6.22. Combination index (CI) values in Vero cells after treatment with psammaplysin F and 
bortezomib. Combination is synergistic, additive or antagonistic when CI<1, CI=1 or CI>1. 

1 2 3 4 5 6 7 8 9
2 1.01921 1.10799 0.97569 0.88766 0.7823 0.77202 0.77923 0.73532 0.64418
3 1.18957 1.1775 1.01834 0.84151 0.83319 0.83473 0.82447 0.63908 0.55858
4 1.16179 1.2473 1.05931 1.03677 0.92915 0.73211 0.84203 0.66485 0.64934
5 1.22493 1.34064 0.96899 0.98369 0.93256 0.91129 0.61806 0.67867 0.59202
6 1.05026 0.96374 0.98957 0.86639 0.86623 0.63838 0.66434 0.6444 0.94591
7 0.94315 1.17456 0.85564 0.73394 0.84808 0.61893 0.63976 0.77074 0.68142
8 0.84395 0.90142 0.87411 0.64784 0.66867 0.61385 0.77274 0.64883 0.66632
9 0.70723 0.77583 0.69758 0.71841 0.73924 0.76007 0.7809 0.71244 0.72994

10 0.7832 0.67111 0.83035 0.78898 0.80981 0.74108 0.75857 0.77606 0.79355

Psammaplysin F 
(µM)

Bortezomib (nM)

Table 6.23. Combination index (CI) values in Vero cells after treatment with psammaplysin F and 
sorafenib. Combination is synergistic, additive or antagonistic when CI<1, CI=1 or CI>1. 

2 3 4 5 6 7 8 9 10
2 1.09237 1.29273 1.42107 1.45651 1.31776 1.2557 1.20465 1.14517 1.16466
3 1.16626 1.26884 1.25715 1.31298 1.25318 1.23355 1.29477 1.18933 1.12874
4 1.4081 1.35152 1.44229 1.53452 1.42653 1.44277 1.50097 1.39205 1.34826
5 1.23329 1.20905 1.0685 1.34276 1.16125 1.28905 1.09786 1.37767 1.20087
6 0.90765 0.97266 1.39846 1.41683 1.40311 1.30212 1.27641 1.439 1.48566
7 1.13062 1.44812 0.97167 1.10318 1.11908 1.16987 1.00484 0.94433 1.2272
8 0.99502 0.9814 0.93566 1.06067 1.03402 1.01753 0.99166 1.01696 1.0994
9 0.88536 0.87692 0.93151 0.95458 0.94243 1.00073 1.02381 0.91657 0.93558

10 0.9082 0.88534 0.90435 0.86981 0.94237 0.96138 0.92184 0.9994 1.07214

Psammaplysin F 
(µM)

Sorafenib (µM)
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combination of psammaplysin F and bortezomib that resulted in synergism was 

treatment with 5µM of psammaplysin F and 1nM of bortezomib with a CI value of 

0.93063 (Table 6.24). The cell viability of HeLa cells after treatment with the 

combination of 5µM of psammaplysin F and 1nM of bortezomib was significantly 

decreased when compared to HeLa cells treated with 1nM of bortezomib alone as seen 

in figure 6.2.2.6F. A significant decrease in cell viability was also observed in HeLa 

cells after treatment with 5µM of psammaplysin F and 1nM of bortezomib when 

compared to treatment with 5µM of psammaplysin F alone (Figure 6.2.2.6F). 

Treatment with combinations of psammaplysin F and sorafenib in HeLa cells resulted in 

interactions that were synergistic, additive and antagonistic (Figure 6.2.2.6C and D). 

The strongest synergistic interaction occurred after treatment with 5µM of 

psammaplysin F and 7µM of sorafenib in combination with a CI value of 0.73069 

(Table 6.25). A significant decrease in cell viability after treatment with the 

combination of 5µM of psammaplysin F and 7µM of sorafenib was found when 

compared to treatment with 7µM of sorafenib alone (Figure 6.2.2.6G). A significant 

decrease in cell viability was also observed in HeLa cells after treatment with 5µM of 

psammaplysin F and 7µM of sorafenib when compared to treatment with 5µM of 

psammaplysin F alone (Figure 6.2.2.6G). Another combination that resulted in 

synergism in HeLa cells with a CI value of 0.7459 was treatment with 8µM of 

psammaplysin F and 7µM of sorafenib (Table 6.25). This interaction resulted in a 

significant decrease in cell viability when compared to treatment with 7µM of sorafenib 

alone (Figure 6.2.2.6H). A significant decrease in cell viability was also observed in 

HeLa cells after treatment with 8µM of psammaplysin F and 7µM of sorafenib when 

compared to treatment with 8µM of psammaplysin F alone (Figure 6.2.2.6H). 
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Figure 6.2.2.6. Combination of psammaplysin F with bortezomib or sorafenib in HeLa cells. 
(A) HeLa cells were treated with psammaplysin F and bortezomib alone or in combination for 72hrs 
and the viability was measured using an alamarBlue assay. (B) Combination index (CI) plot for 
combinations of psammaplysin F and bortezomib. (C) HeLa cells were treated with psammaplysin F 
and sorafenib alone or in combination for 72hrs and the viability was measured using an alamarBlue 
assay. (D) Combination index (CI) plot for combinations of psammaplysin F and sorafenib. (E) 
Viability after treatment with 8µM of psammaplysin F, 1nM of bortezomib and psammaplysin F 
and bortezomib combined. (F) Viability after treatment with 5µM of psammaplysin F, 1nM of 
bortezomib and psammaplysin F and bortezomib combined. (G) Viability after treatment with 5µM 
of psammaplysin F, 7µM of sorafenib and psammaplysin F and sorafenib combined. (H) Viability 
after treatment with 8µM of psammaplysin F, 7µM of sorafenib and psammaplysin F and sorafenib 
combined. The combination is synergistic, additive or antagonistic when CI<1, CI=1 and CI>1. N=3 
for psammaplysin F+ bortezomib combinations and N=3 for psammaplysin F+ sorafenib 
combinations.*= p<0.05. 



153 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Treatment with psammaplysin F and bortezomib in combination in MDAMB231 cells 

resulted in synergistic, additive and antagonistic interactions as shown in figure 

6.2.2.7A and B. The strongest synergistic combination occurred after treatment with 

9µM of psammaplysin F and 3nM of bortezomib with a CI value of 0.71926 (Table 

6.26). A significant decrease in cell viability was observed after treatment with 9µM of 

psammaplysin F and 3nM of bortezomib when compared to treatment with 3nM of 

bortezomib alone (Figure 6.2.2.7E). A significant decrease in cell viability was also 

found in MDAMB231 cells after treatment with 9µM of psammaplysin F and 3nM of 

bortezomib when compared to treatment with 9µM of psammaplysin F alone (Figure 

6.2.2.7E).  

Table 6.24. Combination index (CI) values in HeLa cells after treatment with psammaplysin F and 
sorafenib. Combination is synergistic, additive or antagonistic when CI<1, CI=1 or CI>1. 

1 2 3 4 5 6 7 8 9
2 - 1.17359 1.20677 1.17202 1.09228 1.03136 1.05691 0.97345 1.08163
3 1.37073 1.23025 1.13614 1.18808 1.20496 1.19395 1.21377 1.0385 1.06162
4 1.14248 1.27522 1.2288 1.23855 1.32995 1.21886 1.23715 1.08752 1.14409
5 0.93063 1.14474 1.17796 1.1687 1.18632 1.06971 1.04905 0.98336 1.04233
6 1.13995 1.06106 1.24143 1.30658 1.22961 1.09242 1.1343 1.13034 1.14466
7 0.92233 1.06108 1.15573 1.14029 1.08209 1.34422 1.0741 1.12924 1.18438
8 0.87755 0.99587 1.10979 1.12553 1.15507 1.11727 1.23136 1.22754 1.3493
9 0.97988 1.13011 1.16897 1.1985 1.26063 1.36347 1.33369 1.32585 1.55797

10 1.03819 1.09333 1.20014 1.2591 1.31807 1.37704 1.36902 1.33044 1.47929

Psammaplysin F 
(µM)

Bortezomib (nM)

- = This combination of compounds resulted in cell growth (more than 100%) and was not included in the Compusyn analysis. 

Table 6.25. Combination index (CI) values in HeLa cells after treatment with psammaplysin F and 
sorafenib. Combination is synergistic, additive or antagonistic when CI<1, CI=1 or CI>1. 

2 3 4 5 6 7 8 9 10
2 0.96253 1.33131 1.32853 1.19509 1.03925 1.03967 1.16537 0.93591 0.96899
3 1.81604 1.84535 2.02003 1.42671 1.08804 0.90871 0.89678 1.42027 0.84751
4 1.76952 2.0542 2.42375 1.64334 1.82912 1.10361 0.96884 0.93501 0.84573
5 1.77884 1.9196 2.60845 1.30488 0.88117 0.73069 0.82331 0.83663 0.78589
6 1.60945 1.6914 1.59437 1.36935 0.90962 0.77349 0.79559 0.89223 0.80854
7 1.69954 1.89953 1.76022 1.41312 0.94554 0.84658 0.79067 0.80817 0.77213
8 1.51805 1.67212 1.70162 1.25763 0.84864 0.7459 0.88363 0.77211 0.91862
9 1.48762 1.66853 1.58266 1.44438 1.11989 1.08286 1.06773 0.99408 0.94841

10 1.86247 1.63272 1.31048 1.25535 1.1265 1.14722 1.12246 1.08704 1.10454

Psammaplysin F 
(µM)

Sorafenib (µM)
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Treatment with psammaplysin F and sorafenib in combination in MDAMB231 cells 

resulted in interactions that were synergistic, additive and antagonistic interactions 

(Figure 6.2.2.7C and D). The strongest synergistic interaction occurred after treatment 

with 2µM of psammaplysin F and 9µM of sorafenib with a CI value of 0.57711 (Table 

6.27). The combination of 2µM of psammaplysin F and 9µM of sorafenib resulted in a 

significant decrease in cell viability when compared to MDAMB231 cells treated with 

9µM of sorafenib alone as shown in figure 6.2.2.7G. A significant decrease in cell 

viability was also found after treatment with 2µM of psammaplysin F and 9µM of 

sorafenib when compared to treatment with 2µM of psammaplysin F alone (Figure 

6.2.2.7G). Another synergistic interaction between psammaplysin F and sorafenib 

occurred after treatment with 5µM of psammaplysin F and 9µM of sorafenib in 

combination with a CI value of 0.5875 (Table 6.27). A significant decrease in cell 

viability was seen after treatment with 5µM of psammaplysin F and 9µM of sorafenib 

when compared to treatment with 9µM of sorafenib alone as shown in figure 6.2.2.7H. 

Treatment with 5µM of psammaplysin F and 9µM of sorafenib resulted in a significant 

decrease in cell viability when compared to treatment with 5µM of psammaplysin F 

alone as shown in figure 6.2.2.7H. 
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Figure 6.2.2.7. Combination of psammaplysin F with bortezomib or sorafenib in MDAMB231 
cells. (A) MDAMB231 cells were treated with psammaplysin F and bortezomib alone or in 
combination for 72hrs and the viability was measured using an alamarBlue assay. (B) Combination 
index (CI) plot for combinations of psammaplysin F and bortezomib. (C) MDAMB231 cells were 
treated with psammaplysin F and sorafenib alone or in combination for 72hrs and the viability was 
measured using an alamarBlue assay. (D) Combination index (CI) plot for combinations of 
psammaplysin F and sorafenib. (E) Viability of MDAMB231 cells after treatment with 9µM of 
psammaplysin F, 3nM of bortezomib and psammaplysin F and bortezomib combined. (F) Viability 
of MDAMB231 cells after treatment with 9µM of psammaplysin F, 1nM of bortezomib and 
psammaplysin F and bortezomib combined. (G) Viability of MDAMB231 cells after treatment with 
2µM of psammaplysin F, 9µM of sorafenib and psammaplysin F and sorafenib combined. (H) 
Viability of MDAMB231 cells after treatment with 5µM of psammaplysin F, 9µM of sorafenib and 
psammaplysin F and sorafenib combined. The combination is synergistic, additive or antagonistic 
when CI<1, CI=1 and CI>1. N=3 for psammaplysin F+ bortezomib combinations and N=3 for 
psammaplysin F+ sorafenib combinations.*= p<0.05. 
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Treatment with psammaplysin F and bortezomib in combination in MCF7MDR cells 

resulted in combination displaying slight synergism and additive effects, however, the 

majority of the combinations displayed antagonistic effects (Figure 6.2.2.8A and B). 

Treatment with psammaplysin F and sorafenib in combination in MCF7MDR cells 

showed strong synergistic interactions (Figure 6.2.2.8C and D). The strongest 

synergistic interaction occurred after treatment with 7µM of psammaplysin F and 8µM 

of sorafenib with a CI value of 0.30572 (Table 6.29). A significant decrease in cell 

viability was observed after treatment with 7µM of psammaplysin F and 8µM of 

sorafenib when compared to MCF7MDR cells treated with 8µM of sorafenib alone as 

shown in figure 6.2.2.8G. A significant decrease in cell viability was also found after 

treatment with 7µM of psammaplysin F and 8µM of sorafenib when compared to 

Table 6.26. Combination index (CI) values in MDAMB231 cells after treatment with psammaplysin F 
and bortezomib. Combination is synergistic, additive or antagonistic when CI<1, CI=1 or CI>1. 

1 2 3 4 5 6 7 8 9
2 1.9127 1.13176 1.3404 1.15347 1.19233 1.0829 0.94341 0.93535 1.03964
3 1.14213 1.21675 1.64702 1.31238 1.09369 0.98344 0.95873 0.91583 0.88981
4 1.04477 1.10583 1.24765 1.10329 1.03127 0.88768 0.82704 0.9286 0.98212
5 1.11985 1.05108 1.0323 1.04768 0.99628 1.00198 0.89443 0.93793 0.971
6 0.92119 1.08166 1.0344 1.0342 0.76804 0.96782 0.91239 0.8951 0.92597
7 1.29492 1.09116 0.8681 0.84825 0.91951 0.94168 0.82211 0.88736 0.97478
8 0.82347 0.79219 0.87286 0.83406 0.90575 0.95387 0.98869 0.97828 0.85595
9 0.72582 0.80854 0.71926 0.84549 0.9266 1.05073 0.97774 1.19102 1.30448

10 1.06726 1.18448 1.23265 1.12283 1.33768 1.41863 1.22855 1.14102 1.06023

Bortezomib (nM)Psammaplysin F 
(µM)

Table 6.27. Combination index (CI) values in MDAMB231 cells after treatment with psammaplysin F and 
sorafenib. Combination is synergistic, additive or antagonistic when CI<1, CI=1 or CI>1. 

2 3 4 5 6 7 8 9 10
2 0.84244 0.83427 1.16426 1.76554 1.84135 1.13763 0.94483 0.57711 0.63643
3 0.87718 0.81402 1.1297 1.00584 1.24209 1.8124 1.17942 0.8109 0.75692
4 1.46987 1.04584 0.97126 0.95486 1.05893 1.39627 0.84839 0.69868 0.76531
5 0.98943 1.03498 0.89218 1.02911 0.86919 0.90823 0.87456 0.5875 0.69464
6 1.16695 1.088 1.26052 0.79732 0.97582 0.87173 0.82468 0.83423 1.10365
7 1.01622 0.97609 0.85899 1.23995 0.80988 0.90376 0.83217 0.68672 0.75998
8 0.93231 0.89733 1.07048 0.94954 0.84857 0.83551 0.92163 0.90685 0.78864
9 0.92317 0.87802 0.88794 1.04194 0.93716 0.95098 0.97282 0.90274 0.95988

10 1.28408 1.21478 1.19579 1.13648 1.27214 1.08198 0.90623 0.92933 0.80067

Psammaplysin F 
(µM)

Sorafenib (µM)
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treatment with 7µM of psammaplysin F alone (Figure 6.2.2.8G). A strong synergistic 

interaction was also seen in MCF7MDR cells after treatment with 10µM of 

psammaplysin F and 8µM of sorafenib with a CI value of 0.31641 (Table 6.29). 

Treatment with 10µM of psammaplysin F and 8µM of sorafenib resulted in a significant 

decrease in cell viability when compared to treatment with 8µM of sorafenib alone as 

shown in figure 6.2.2.8H. A significant decrease in cell viability was also found after 

treatment with 10µM of psammaplysin F and 8µM of sorafenib when compared to 

treatment with 10µM of psammaplysin F alone (Figure 6.2.2.8H). 

 

  

Figure 6.2.2.8. Combination of psammaplysin F with bortezomib or sorafenib in MCF7MDR 
cells. (A) MCF7MDR cells were treated with psammaplysin F and bortezomib alone or in 
combination for 72hrs and the viability was measured using an alamarBlue assay. (B) Combination 
index (CI) plot for combinations of psammaplysin F and bortezomib. (C) MCF7MDR cells were 
treated with psammaplysin F and sorafenib alone or in combination for 72hrs and the viability was 
measured using an alamarBlue assay. (D) Combination index (CI) plot for combinations of 
psammaplysin F and sorafenib. . (E) Viability after treatment with 49µM of psammaplysin F, 1nM of 
bortezomib and psammaplysin F and bortezomib combined. (F) Viability after treatment with 3µM of 
psammaplysin F, 1nM of bortezomib and psammaplysin F and bortezomib combined. (G) Viability 
after treatment with 7µM of psammaplysin F, 8µM of sorafenib and psammaplysin F and sorafenib 
combined. (H) Viability after treatment with 10µM of psammaplysin F, 8µM of sorafenib and 
psammaplysin F and sorafenib combined. The combination is synergistic, additive or antagonistic 
when CI<1, CI=1 and CI>1. N=3 for psammaplysin F+ bortezomib combinations and N=3 for 
psammaplysin F+ sorafenib combinations.*= p<0.05. 
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Table 6.28. Combination index (CI) values in MCF7MDR cells after treatment with psammaplysin F 
and bortezomib. Combination is synergistic, additive or antagonistic when CI<1, CI=1 or CI>1. 

1 2 3 4 5 6 7 8 9
2 - 1.11158 - - 2.18828 1.52118 1.61266 1.40181 -
3 0.94573 1.01187 1.62419 1.2635 1.44775 1.48516 1.4907 1.51094 1.65038
4 0.90711 1.08998 1.22086 1.38128 1.47149 1.71461 1.82972 1.6593 1.65365
5 1.05141 1.19462 1.24503 1.30677 1.43938 1.57014 1.49781 1.46317 1.68975
6 1.0109 1.11467 1.26397 1.3083 1.33854 1.51701 1.44763 1.55715 1.52622
7 1.15311 1.19584 1.19333 1.23659 1.28157 1.42654 1.27711 1.41874 1.3941
8 0.98449 1.10717 1.18255 1.12657 1.184 1.30874 1.34442 1.44378 1.45956
9 0.9864 1.14966 1.22916 1.26302 1.32804 1.57032 1.72479 1.48749 1.46143

10 1.08932 1.21524 1.24481 1.38349 1.46531 1.25563 1.19918 1.40235 1.30311

Psammaplysin F 
(µM)

Bortezomib (nM)

- = This combination of compounds resulted in cell growth (more than 100%) and was not included in the Compusyn analysis. 

Table 6.29. Combination index (CI) values in MCF7MDR cells after treatment with psammaplysin F 
and sorafenib. Combination is synergistic, additive or antagonistic when CI<1, CI=1 or CI>1. 

2 3 4 5 6 7 8 9 10
2 0.93361 1.62729 1.80171 1.61303 0.93877 0.97175 0.72359 0.82398 0.76154
3 1.10047 0.94985 0.89871 0.85086 1.04926 0.74615 0.76214 0.84938 0.88251
4 0.93709 1.46377 1.009 0.91817 1.23639 1.13217 1.22913 1.30069 0.65739
5 0.82524 0.72257 0.99926 0.60432 0.78273 0.60989 0.55894 0.57589 0.53526
6 0.89404 0.76787 1.23306 0.74541 0.77789 0.62812 0.60281 0.69076 0.67966
7 1.30864 0.77389 0.92976 0.62509 0.49513 0.46618 0.30572 0.43675 0.53463
8 0.68053 0.69561 0.60887 0.42721 0.53464 0.47041 0.57412 0.56601 0.38641
9 0.57368 0.62816 0.71355 0.46958 0.45244 0.51637 0.46902 0.48645 0.3726

10 0.4758 0.54601 0.41634 0.58674 0.58313 0.36618 0.31641 0.32989 0.31943

Psammaplysin F 
(µM)

Sorafenib (µM)
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6.3 Discussion 

In conclusion, psammaplysin F and sorafenib displayed the most promising 

combination results with CI values <0.6 for HEK293, MCF7, MDAMB231 and 

MCF7MDR cells. MCF7MDR cells were the most sensitive to psammaplysin F and 

sorafenib in combination resulting in a CI value <0.4. The changes in IC50 values after 

treatment with 7µM of psammaplysin F and sorafenib are shown in Table 6.30. 7µM of 

psammaplysin F was chosen as it was the concentration of psammaplysin F that resulted 

in the most synergistic interaction of psammaplysin F and sorafenib. The IC50 values in 

all cell lines have been decreased, especially in MCF7 and MCF7MDR cells with a 7-

fold and 4-fold decrease in IC50 respectively (Table 6.30). Psammaplysin F has 

successfully restored drug sensitivity to sorafenib in MCF7MDR cells, as cell viability 

did not fall below 50% after treatment with sorafenib alone and was restored when 

combined with psammaplysin F (Figure 6.3.1). These results are exciting, as the 

hypothesis behind the combinational experiments was that treatment with compounds 

that block SG formation in combination with compounds used for cancer treatment will 

increase their efficacy and/or restore drug sensitivity in MDR cells. To determine if 

pammaplysin F is restoring drug sensitivity, an experiment can be performed using 

psammaplysin F and sorafenib in combination with a MDR cell line that is known to be 

resistant to sorafenib. 

 

 

 

 

 

 

 

 

 

Table 6.30. IC50 values for HEK293, MCF7, MDAMB231 and MCF7MDR cells after treatment with 
psammaplysin F, sorafenib and psammaplysin F (7µM) and sorafenib. 

Note: The IC50 of sorafenib in MCF7MDR cells could not be determined as cell death did not fall below 50%. * =value of 
sorafenib that resulted in the most cell death (40%) in MCF7MDR cells. 

Cell lines Psammaplysin F (µM) Sorafenib(µM) Psammaplysin F 7µM+Sorafenib(µM)
HEK293 4.7 4.8 3.8
MCF7 7.6 7.1 1

MDAMB231 4.5 10.7 2.7

MCF7MDR 7.8 17.2* 4.2

IC50
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The stronger synergistic interactions seen after treatment with psammaplysin F and 

sorafenib may be a result of the mechanism of action of each individual compound. 

Psammaplysin F can inhibit the phosphorylation of eIF2α in several cell lines (Chapter 

5) and sorafenib causes the phosphorylation of eIF2α (Adjibade et al., 2015). However, 

bortezomib also causes the phosphorylation of eIF2α, (Fournier et al., 2010) therefore, 

the increased synergy seen between psammaplysin F and sorafenib may be a result of 

another pathway. Sorafenib can also inhibit the activity of multiple kinases and this may 

account for difference in synergism between psammaplysin F and sorafenib and 

psammaplysin F and bortezomib. The mechanism of action of sorafenib has not been 

fully characterised (Cervello et al., 2012) and it may be possible that sorafenib is 

inhibiting a kinase required for SG formation. Unpublished data from the host 

laboratory suggests that sorafenib appears to regulate a complex containing G3BP1 and 

G3BP2 that is required for translation of interferon induced transmembrane (IFITM) 

proteins. Additionally, treatment with sorafenib causes apoptosis through the inhibition 

of phosphorylation of the eukaryotic initiation factor 4E (eIF4E), which is regulated by 

its phosphorylation. eIF4E has been shown to co-localise to SGs under SA treatment, 

(Anderson et al., 2006; Frydryskova et al., 2016) however, its role in SGs has not been 

extensively studied.  

Psammaplysin F appeared to have stronger synergistic effects when combined with 

bortezomib and sorafenib than RAD112. It is hypothesised that this a result of the 

Figure 6.3.1. The IC50 of sorafenib and psammaplysin F combined with sorafenib in 
MCF7MDR cells. (A) Cells were treated with 2-20µM of sorafenib for 72hrs. (B) Cells were treated 
with 7µM of psammaplysin F combined with 2-10µM of sorafenib for 72hrs as indicated. Each data 
point is the mean ± sem. N=3 
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activity of psammaplysin F on the cell lines tested. RAD112 causes the inhibition of 

microtubules and psammaplysin F causes the inhibition of SGs through the inhibition of 

phosphorylation of eIF2α as shown in chapter 5. Both bortezomib and sorafenib cause 

the formation of SGs via phosphorylation of eIF2α; bortezomib through endoplasmic 

reticulum stress from proteasome inhibition (Schewe et al., 2009), and sorafenib 

through multiple kinase inhibitory activity (Rahmani et al., 2007). SGs are required to 

help cells survive stress such as chemotherapeutic treatment (Fournier et al., 2010) and 

psammaplysin F may be inhibiting the ability of cells to protect against the cytotoxic 

effects of bortezomib and sorafenib, resulting in increased cell death and the strong 

synergism seen in the combination studies.  

The synergy seen between RAD112 and sorafenib and psammaplysin F and bortezomib, 

or sorafenib, in many cell lines indicated that RAD112, and especially psammaplysin F, 

have the potential to be used in combination with these chemotherapeutics to restore 

drug efficacy. The restoration of drug sensitivity seen in MCF7MDR cells is a major 

achievement as MDR is becoming a problem in cancer treatment.  
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7.1 Discussion 

Overview 

Over the past decade there have been significant improvements to the diagnosis and 

treatment of cancer, however, the incidence of cancer is still rising. A range of 

treatments are available for cancer such as surgery, ionising radiation, systemic 

chemotherapy. Chemotherapy is one of the most common treatments for cancer, but its 

use causes side effects in patients such as nausea and hair loss and long-term use of a 

chemotherapeutic can also cause the development of MDR. New anticancer treatments 

need to be developed to address these issues. 

A novel approach in the battle against cancer is the inhibition of SGs. SGs are 

messenger ribonucleoprotein particles that form in the cytoplasm of the cell in response 

to stresses such as UV radiation, treatment with drugs and nutrient depravation. Cancer 

cells hijack SGs and use them to overcome drug treatment. Moreover, SGs have been 

linked to the development of MDR in cancer cells. Inhibiting the formation of SGs is a 

novel approach in the treatment of cancer and there is currently little research in the 

field. 

The only paper involving the inhibition of SGs and then subsequent treatment with a 

chemotherapeutic involves the knockdown of HRI in HeLa cells. HRI is involved in the 

formation of SGs and the knockdown of this protein by siRNA resulted in the reduction 

of stress granule formation. HeLa cells were then treated with bortezomib, a protease 

inhibitor, and it was found that the cell death increased from 15%, in bortezomib-only 

treated cells, to 75% in cells with reduced stress granule formation and subsequent 

treatment with bortezomib. These data suggested that inhibiting SGs, and subsequent 

treatment with a chemotherapeutic, resulted in an increase in cell death.  These findings 

would suggest there is potential to use the compounds screened in this PhD project, that 

block stress granule formation, in combination with chemotherapeutics to potentially 

increase the efficacy of the chemotherapeutics.  

Screening natural compounds 

The research performed during this project reports the screening of natural products for 

the ability to inhibit the formation of SGs. Compounds that inhibited the formation of 
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SGs were tested to determine their mechanism of action and then subsequently used in 

combination, to determine if they can enhance the efficacy of chemotherapeutics.  

The stress granule inhibition assay involved screening 36 compounds from the Davis 

Open Access Compound Library; in HEK293, MCF7, T47D, Vero, HeLa, MDAMB321 

and MCF7MDR cells, as described in chapter 4. In a preliminary SG inhibition screen 

involving confocal imaging, two compounds were discovered that reduced the 

formation of SGs; RAD112 and psammaplysin F. Subsequent operetta analysis was 

performed after treatment with 50µM of RAD112 and 10, 20 and 30µM of 

psammaplysin F to determine if there was a significant difference in SG formation.  

Screening for inhibition of SG formation by RAD112  

A significant decrease was found in the average number of SGs per cell after treatment 

with 50µM of RAD112 and subsequent stress with SA when compared to cells only 

treated with the control (DMSO+SA) in MCF7, T47D, Vero, HeLa and MDAMB231 

cells. There was no significant decrease in the average number of SGs per cell found in 

HEK293 and MCF7MDR cells after treatment with 50µM of RAD112 and subsequent 

stress with SA, when compared to the control (DMSO+SA). The decrease in sensitivity 

to RAD112 seen in HEK293 and MCF7MDR cells could be a result of the activity of 

RAD112. It is hypothesised that HEK293 and MCF7MDR cells are less sensitive to the 

microtubule disruption effects of RAD112, therefore, SGs are still formed in these cell 

lines when stressed with SA. To gain the same disruption to microtubules and the 

subsequent reduction in SG formation after treatment with RAD112 shown in the other 

cell lines, extensive studies examining the concentration and time of RAD112 in 

HEK293 and MCF7MDR cells should be carried out.  

Screening for inhibition of SG formation by Psammaplysin F  

A significant decrease was found in the average number of SGs per cell after treatment 

with 10µM of psammaplysin F and subsequent stress with SA when compared to cells 

just treated with the control (DMSO+SA) in MCF7, T47D, Vero, HeLa and 

MDAMB231 cells. Treatment with 10µM of psammaplysin F and subsequent stress 

with SA, resulted in a significant decrease in the average number of SGs in T47D and 

HeLa cells, when compared to the control (DMSO+SA). Treatment with 20µM of 

psammaplysin F and subsequent stress in MCF7, T47D, Vero, HeLa and MDAMB231 

cells, resulted in a significant decrease in the average number of SGs when compared to 
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the control. MCF7, T47D, Vero and HeLa cells had a significant decrease in the average 

number of SGs per cell after treatment with 30µM of psammaplysin F when compared 

to the control. HEK293 and MCF7MDR cells had no significant decrease in the average 

number of SGs per cell after treatment with 10, 20 and 30µM of psammaplysin F and 

subsequent stress when compared to the control. No change in the number of SGs in 

HEK293 and MCF7MDR cells suggests that psammaplysin F has a different action in 

HEK293 and MCF7MDR cells, this will be addressed in the mechanism of action 

section below. 

Treatment with 20µM of psammaplysin F in T47D and MCF7MDR cells resulted in a 

significant increase in the average number of SGs per cell, when compared to the 

DMSO control. 30µM of psammaplysin F in T47D, MDAMB231 and MCF7MDR cells 

also resulted in a significant increase in the average number of SGs when compared to 

the DMSO control. No significant increase was observed in the number of SGs after 

treatment with 10, 20 and 30µM of psammaplysin F in HEK293, MCF7 and HeLa cells. 

The formation of SGs after treatment with psammaplysin F in T47D, MDAMB231 and 

MCF7MDR cells, suggests that there is a SG formation pathway being activated in 

these cell lines that is not being activated in HEK293, MCF7, Vero and HeLa cells. 

There is an eIF2α independent pathway that can cause the formation of SGs. The eIF2α 

independent pathway to SG formation requires the eIF4F complex that consists of 

eIF4E, eIF4G, and eIF4A, for the recruitment of mRNA to the preloaded 43S complex, 

recognition of mRNA via the 5′ cap and possibly, the subsequent scanning of the 5′ 

UTR to the AUG start codon (Low et al., 2005). Pateamine A, a natural product derived 

from a marine sponge, (Northcote et al., 1991) can bind to eIF4A and disrupt the eIF4F 

complex, resulting in translation inhibition and SG formation (Bordeleau et al., 2005; 

Dang et al., 2006). It is possible that psammaplysin F also disrupts the eIF4F complex 

in T47D, MDAMB231 and MCF7MDR cells and this would have to be determined by 

performing affinity chromatography. This experiment requires psammaplysin F to be 

immobilized on an affinity matrix and total cell extracts run through the column 

followed by SDS-PAGE and western blot analysis. A limitation of this experiment is 

the availability of psammaplysin F, as it is not available in sufficient quantities. 

Alternatively, any proteins binding to psammaplysin F in the affinity chromatography 

experiment could also be identified by performing mass spectrometry. There could be a 

limit to the use of psammaplysin F, and the higher concentrations of psammaplysin F 
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are inhibiting normal translation in T47D, MDAMB231 and MCF7MDR cells, resulting 

in SG formation’ The concentrations of psammaplysin F used in the SG inhibition 

assay, especially 30µM, could be cytotoxic to the cells and resulting in a stressful 

environment, therefore, an extensive study of psammaplysin F at different 

concentrations and incubation periods should be carried out. 

The formation of SGs after treatment with psammaplysin F in T47D, MDAMB231 and 

MCF7MDR cells may cause problems to arise in the combination assay. The hypothesis 

behind the combination assay is that compounds that can inhibit the formation of SGs, 

such as psammaplysin F and RAD112, when used in combination with 

chemotherapeutics that elicit SG formation will result in an increase in efficacy of the 

chemotherapeutic. As it appears the SGs are not being inhibited in T47D, MDAMB231 

and MCF7MDR cells, it is hypothesised that this may not cause an increase in the 

efficacy of the chemotherapeutic being used in combination with psammaplysin F. 

Mechanisms of action of RAD112 and psammaplysin F 

RAD112 and psammaplysin F appeared to be disrupting the formation of SGs in MCF7, 

T47D, Vero, HeLa and MDAMB231 cells. Therefore, the mechanism of action of 

RAD112 and psammaplysin F in response to the formation of SGs was explored. 

RAD112 is a chalcone and it has been widely published that chalcones can cause 

depolymerisation of microtubules (Lee et al., 2014). Therefore, the effect of RAD112 

on microtubules was studied in Vero cells, as they have a large cytoplasm and the 

microtubule network can be visualised clearly. It was found that treatment with 50µM 

of RAD112 disrupted microtubule formation when compared to the control (DMSO) 

cells. To determine that the microtubules were being disrupted, a known microtubule 

inhibitor nocodazole, was used to compare the changes in microtubules using confocal 

microscopy. The changes to the structure in microtubules appeared to be similar after 

treatment with RAD112 and nocodazole, suggesting that nocodazole and RAD112 may 

have a similar mechanism of action. Further studies are needed to determine the exact 

effect of RAD112 on microtubules and this can be determined by performing mass 

spectrometry with RAD112 and the subunits of tubulin to determine if RAD112 is 

binding to α or β tubulin to disrupt the microtubules. 

A recovery assay was performed to determine if the effect of RAD112 on microtubules 

could be readily reversible, as some microtubule disrupting drugs, such as nocodazole 
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are reversible (Howard et al., 2007). It appeared that the effect of RAD112 could be 

reversed in Vero cells as removal of RAD112, and replacement with fresh media, 

resulted in the elongation of microtubules similar to the control (DMSO). The 

disruption of microtubules via RAD112 treatment is a rational explanation to the 

decrease in SG formation seen in several cell lines, as microtubules are needed for the 

components of SGs to travel along and develop into larger mature SGs. (Nadezhdina et 

al., 2010) It is hypothesised that the disruption of microtubules resulting in small SGs 

may result in immature SGs that do not have the ability to regulate translation of 

proteins critical to cell survival. Therefore, this may impact the ability of cancer cells to 

hijack SGs to survive chemotherapy treatment and increase the effects of 

chemotherapeutics when used in combination with RAD112. 

Several anti-cancer agents such as paclitaxel, vinca-alkaloids and epothilones are 

microtubule disrupting agents (Martel-Frachet et al 2015). Therefore, psammaplysin F 

was also tested to determine if microtubules were being disrupted in Vero cells. It was 

found that treatment with 10, 20 and 30µM of psammaplysin F, did not have any effect 

on the structure of microtubules when compared to the control (DMSO). Psammaplysin 

F treatment did not cause the disruption of microtubules to inhibit SG formation, 

therefore, the next step was to examine if psammaplysin F was disrupting the most 

common pathway of SG formation, eIF2α phosphorylation.  

Levels of eIF2α and p-eIF2α after treatment with 10, 20 and 30µM of psammaplysin F 

were analysed by western blot in all cell lines. Densitometry analysis of eIF2α, after 

treatment with 10, 20 and 30µM of psammaplysin F and subsequent stress with SA, 

resulted in no significant changes when compared to the control (DMSO+SA) in 

HEK293, MCF7, T47D, Vero, HeLa and MCF7MDR cells. Interestingly, MDAMB231 

cells did display a significant decrease in eIF2α after treatment with 30µM of 

psammaplysin F and SA when compared to the control. It is possible that psammaplysin 

F is also affecting other pathways in MDAMB231 cells that are influencing the 

expression of eIF2α such as inhibition of the synthesis of eIF2α mRNA, resulting in the 

decreased protein levels of eIF2α observed in the western blot. A quantitative real time 

polymerase chain reaction (qRT-PCR) can be performed to detect the levels of eIF2α 

mRNA in MDAMB231 cells. For the qRT-PCR experiment MDAMB231 cells will be 

treated with psammaplysin F and SA and the control (DMSO+SA) and the mRNA of 

eIF2α will be examined. It is also hypothesised that treatment with psammaplysin F and 
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SA in MDAMB231 cells has significantly stressed the cells by inhibiting SG formation 

and the cells are no longer capable of triaging mRNA to survive the stress and these 

cells are going through apoptosis. Therefore, the decrease in eIF2α protein levels are a 

direct result of global translation inhibition from SG inhibition and SA exposure and not 

a targeted effect by psammaplysin F. This could be tested by examining the protein 

levels of known apoptosis markers such as activation of caspase 3 (Su et al., 2015). This 

experiment should also be performed in all cell lines to get a better understanding of the 

mode of action of psammaplysin F. 

The levels of p-eIF2α were found to be significantly decreased after treatment with 

30µM of psammaplysin F in HEK293, MCF7, Vero and MCF7MDR cells when 

compared to the control (DMSO+SA). Treatment with 20µM psammaplysin F and 

subsequent stress with SA resulted in a significant decrease in p-eIF2α in HEK293 cells 

when compared to the control (DMSO+SA). Interestingly, HEK293 and MCF7MDR 

cells did not appear to have a decrease in the number of SGs after treatment with 

psammaplysin F from the operetta analysis (Chapter 4). However, the levels of p-eIF2α 

appeared to be decreased. It is hypothesised that HEK293 and MCF7MDR cells are not 

as sensitive to treatment with psammaplysin F, or these cell lines may need a longer 

treatment time to see a decrease in the number of SGs, despite the decrease in levels of 

p-eIF2α. Alternatively, these cell lines may be more sensitive to changes in the 

phosphorylation of eIF2α and a lower threshold level of p-eIF2α is required to cause SG 

formation. Treatment with 30µM of psammaplysin F alone in HEK293, T47D and 

MDAMB231 cells, and 20µM of psammaplysin F in MDAMB231 cells, resulted in a 

significant increase in p-eIF2α when compared to the control (DMSO). The increase in 

p-eIF2α in T47D and MDAMB231 cells after treatment with 20 and 30µM of 

psammaplysin F appears to directly correlate to the increase in the number of SGs found 

in both T47D and MDAMB231 cells quantified with the operetta analysis (Chapter 4). 

There was no increase in the number of SGs after treatment with 30µM of 

psammaplysin F in HEK293 cells (Chapter 4), despite the increase in p-eIF2α levels 

found when compared to the control (DMSO).  

The phosphorylation of eIF2α was decreased in HEK293, MCF7, Vero and MCF7MDR 

cells, therefore, the kinase that phosphorylates eIF2α was examined to determine if 

there was a change. eIF2α is phosphorylated by a variety of kinases such as HRI, 

PERK, GCN2 and PKR but when the cell is exposed to oxidative stress such as SA, 
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HRI is activated (McEwen et al., 2005). Therefore, because HRI is activated during SA 

treatment, the levels of HRI were examined in all cell lines. HRI was only detected in 

HeLa cells, therefore, western blotting examining HRI protein levels after treatment 

with psammaplysin F was only performed in HeLa cells. It was discovered that there 

was no significant difference in HRI expression in HeLa cells after treatment with 10, 

20 and 30µM of psammaplysin F, suggesting that psammaplysin F is not influencing the 

protein levels of HRI expression. The activity of HRI in response to arsenite-induced 

stress is regulated by the auto-phosphorylation of Thr485 (Rafie-Kolpin et al., 2003). 

Therefore, the phosphorylation of Thr485 of HRI should be examined in future studies 

to determine if it is being affected by psammaplysin F. The effect of psammaplysin F on 

the other eIF2α kinases should also be examined in all cell lines, as HRI levels were 

detectable only in HeLa cells. This can be done by performing a western blot analysing 

the protein levels of each kinase (GCN2, PERK and PKR) after treatment with 

psammaplysin F. The mechanism of action of both RAD112 and psammaplysin F has 

not been fully characterised and further studies examining the interaction of RAD112 

on tubulin and psammaplysin F on eIF2α, p-eIF2α and HRI will have to be performed 

before a complete mechanism of action can be determined.  

Combinational drug studies 

One of the hypotheses of this PhD was that compounds disrupting the formation of SGs, 

could potentially increase the efficacy of chemotherapeutics when used in combination 

with compounds that disrupt SG formation. Therefore, RAD112 and psammaplysin F 

were used in an in vitro combination assay. 

Bortezomib and sorafenib are first line cancer treatments currently used in the treatment 

of cancer and resistance to these compounds has become a problem (Zaal et al., 2017; 

Zhu et al., 2017). Bortezomib and sorafenib can both induce the expression of SGs in 

cancer cells and it has been proven that the inhibition of SGs can increase in the efficacy 

of bortezomib (Fournier et al., 2010). RAD112 and psammaplysin F can reduce the 

formation of SGs, hence a combinational assay was performed using RAD112 and 

psammaplysin F in combination with bortezomib or sorafenib to try and increase the 

efficacy of bortezomib and sorafenib. 

In the combinational assay, the inhibition of cell viability for each cell line, with each 

combination of compounds, was entered into Compusyn and CI values were generated 
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using the software to determine if the interactions between the compounds were 

synergistic, additive or antagonistic with CI<1, CI=1 and CI>1 respectively.  

The first combination of compounds, RAD112 and bortezomib, resulted in interactions 

in each cell line that were mainly additive and antagonistic. There were some 

combinations of RAD112 and bortezomib that resulted in slightly synergistic 

interactions in HEK293, T47D, Vero HeLa and MDAMB231 cells, with MDAMB231 

cells displaying the most synergistic interaction with a CI value of 0.59425. A 

significant decrease in cell viability was found in HEK293, MCF7, HeLa, MDAMB231 

and MCF7MDR cells after treatment with RAD112 and bortezomib. This decrease in 

cell viability in HEK293 and MCF7MDR cells was surprising, as there was no 

significant decrease in the average number of SGs per cell after treatment with RAD112 

and SA (Chapter 4). This suggests that psammaplysin F is activating other pathways 

beside the inhibition of SG formation. The increase in efficacy of bortezomib as a result 

of RAD112 and bortezomib treatment, in HEK293 and MCF7MDR cells, could be a 

result of RAD112’s ability to disrupt microtubules (Chapter 5). Microtubules are 

required for SGs to gather the necessary components to form mature SGs (Chernov et 

al., 2009; Nadezhdina et al., 2010) and disruption to the microtubules has resulted in 

SG inhibition (Ivanov et al., 2003). Additionally disruption of microtubules by a 

microtubule disrupting drug such as nocodazole, and subsequent treatment with SA, 

resulted in the formation of small SGs (Chernov et al., 2009). It is hypothesised that the 

SGs resulting from treatment with RAD112 are immature and do not have the necessary 

components required to function correctly. This would explain the increase in efficacy 

of bortezomib after combinational experiments with RAD112 as SGs help the cell to 

survive treatment with drugs (Fournier et al., 2010; Kaehler et al., 2014). 

RAD112 was also combined with sorafenib in all cell lines and it was found that 

interactions between RAD112 and sorafenib resulted in the majority of the 

combinations displaying synergistic interactions. MDAMB231 cells also displayed the 

most synergistic interaction between RAD112 and sorafenib, with a CI value of 

0.35587. MCF7MDR cells were the least sensitive to the combination, with only a 

slight synergistic interaction found between RAD112 and sorafenib. A significant 

decrease in cell viability was found in all cell lines after treatment with RAD112 and 

sorafenib when compared to treatment with sorafenib alone. The strong synergistic 

interaction between RAD112 and sorafenib in MDAMB231 cells appears to be 
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selective, as the strongest synergistic interaction in HEK293 cells resulted in a CI value 

of 0.77194 and Vero cells a CI value of 0.83653 (Chapter 6). The sensitivity in 

MDAMB231 cells to RAD112 and sorafenib has potential to reduce the side effects of 

sorafenib treatment, as it is hypothesised that a decrease to the dose of sorafenib being 

used in cancer treatment could be achieved when used in combination with RAD112. 

Despite the appearance of selectivity in MDAMB231 cells, HEK293 and Vero cells also 

had synergistic interactions after treatment with RAD112 and sorafenib, decreasing the 

possibility that RAD112 and sorafenib treatment would be selective towards cancer 

cells in a mouse model. However, the possibility that RAD112 and sorafenib is selective 

against untransformed cells cannot be excluded.  An additional experiment could be to 

assess the effects of RAD112 and sorafenib on addition cell lines that more closely 

represent normal cell lines, such as mammary gland cells (MCF-12A). A more 

appropriate experiment could be to assess the selectivity on primary cell lines, such as 

human foreskin fibroblasts. This can be examined by testing for the IC50 of sorafenib 

and RAD112 in a normal mammary gland cell type and human foreskin fibroblasts, and 

also performing the in vitro combinational assay to determine if the same synergistic 

interaction is observed in the normal cell types. 

Psammaplysin F was also tested in combination with bortezomib and sorafenib. 

Treatment with psammaplysin F and bortezomib in combination resulted in strong 

synergistic interactions, with HEK293 cells displaying the strongest interaction with a 

CI value of 0.38759. This interaction was surprising, as HEK293 cells did not display a 

significant decrease in the formation of SGs after treatment with psammaplysin F, 

however, a decrease in the phosphorylation of eIF2α was found after treatment with 

psammaplysin F in HEK293 cells. It is hypothesised that the extended treatment with 

psammaplysin F in the combinational assay (72hrs) resulted in the decrease in SGs not 

seen in the SG inhibition assay (4hrs). The inhibition of SGs, as a result of the extended 

treatment with psammaplysin F for 72hrs, would allow a lower dosage of psammaplysin 

F to be used in animal trials. Consequently, the lower dose of psammaplysin F 

disrupting SGs would also indicate a lower dose of bortezomib could be used, 

potentially reducing the side effects from bortezomib treatment seen in patients. All 

other cell lines also displayed synergistic interactions with psammaplysin F and 

bortezomib treatment and a significant decrease was found in cell viability after 

treatment with psammaplysin F and bortezomib when compared to bortezomib and 
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psammaplysin F alone. Therefore, psammaplysin F has also increased the efficacy of 

bortezomib. 

Lastly, psammaplysin F was also used in combination with sorafenib and it was found 

to have synergistic interactions in all cell lines, with MCF7MDR cells having the 

strongest synergistic interaction with a CI value of 0.30572 and a 4-fold decrease in the 

IC50 of sorafenib when combined with psammaplysin F. This was surprising, as there 

was no significant decrease in the average number of SGs in MCF7MDR cells (Chapter 

4). However, there was a decrease in the phosphorylation of eIF2α after treatment with 

psammaplysin F. The increased synergism seen in MCF7MDR cells may be a result of 

the multiple kinase targets of sorafenib, as this compound has not been fully 

characterised (Cervello et al., 2012) and sorafenib could be targeting a kinase such as 

HRI and inhibiting SG formation. This is important, as SGs are required to help the cell 

to survive drug treatments (Fournier et al., 2010) and the inhibition of SGs would make 

the cells susceptible to apoptosis from sorafenib treatment, resulting in an increase in 

efficacy of sorafenib and/or psammaplysin F. All cell lines tested displayed significant 

decreases in cell viability after treatment with the combination of psammaplysin F and 

sorafenib, when compared to treatment with sorafenib and psammaplysin F alone. 

Treatment with psammaplysin F and sorafenib appeared to show the most interesting 

results out of all the combinations tested, as this combination resulted in a strong 

synergistic interactions in all cell lines, with the strongest interaction occurring in 

MCF7MDR cells. It is hypothesised that this interaction, between psammaplysin F and 

sorafenib, resulted in a strong synergistic interaction as a result of the multiple kinase 

targets of sorafenib, combined with psammaplysin F inhibiting phosphorylation of 

eIF2α. The mechanism of action of sorafenib has not been fully characterised (Cervello 

et al., 2012) and it is possible that sorafenib is inhibiting as kinase required for SG 

formation. Sorafenib can also cause apoptosis through the inhibition of phosphorylation 

of the eukaryotic initiation factor 4E (eIF4E). The role of eIF4E in SGs has not been 

fully studied, however, it has been shown to co-localise to SGs under sodium arsenite 

treatment (Anderson et al., 2006; Frydryskova et al., 2016). The inability of eIF4E to 

co-localise to SGs, as a result of sorafenib treatment, may be crucial to the formation of 

SGs and thus, the survival of cells after sorafenib treatment. 



172 
 

All combinations of RAD112 with bortezomib and sorafenib, and psammaplysin F with 

bortezomib and sorafenib, resulted in an increase in efficacy of bortezomib and 

sorafenib. RAD112 when combined with bortezomib and sorafenib was not as 

synergistic in all cell lines, when compared to psammaplysin F when combined with 

bortezomib and sorafenib. It is hypothesised that this is because of the decrease in 

phosphorylation of eIF2α seen after treatment with psammaplysin F, and this might be a 

more potent regulator of SG maturation than inhibiting microtubules. As bortezomib 

and sorafenib both cause the formation of SGs through the phosphorylation of eIF2α, 

the inhibition of this phosphorylation by psammaplysin F, may result in the inability of 

cancer cells to regulate the expression of proteins through SG formation when exposed 

to bortezomib and sorafenib. Despite the synergistic interactions and increase in 

efficacy in all cell lines found in the combination assay, a problem does arise for use of 

this regime in in vivo studies and clinical trials. The reason why new chemotherapeutic 

treatments are needed is that chemotherapeutics used today still affect the patient’s 

healthy cells as well as the cancer cells. The results seen do not display selectivity 

towards the cancer cells over the two normal cell lines HEK293 and Vero cells. 

HEK293 and Vero cells are also immortalised and to determine if there is selectivity 

towards normal cells, the combinations of RAD112 and psammaplysin F would have to 

be tested in normal mammary cells. However, use of RAD112 and psammaplysin F in 

combination with bortezomib and sorafenib may reduce the side effects seen in patients 

as the increase in efficacy to bortezomib and sorafenib may result in use of lower 

concentrations during treatment. To determine if the RAD112 and psammaplysin F can 

result in lower concentrations of bortezomib or sorafenib being used in patients, an 

experiment using a tumour mouse model would have to be performed analysing the side 

effects of the combinations and each compound alone. 

7.2 Conclusion 

The overall goals of this PhD project were to explore compounds that modulate stress 

granule formation, with a view that blocking stress granule formation could increase the 

efficacy of known chemotherapeutics and reverse multiple drug resistance in cancer 

cells. An in vitro cell based assay was developed to assess the ability of a compound to 

block the formation of SGs and this assay was used to screen 36 compounds from the 

Davis Open Access Compound Library. Two compounds were identified that could 

influence the formation of SGs, RAD112 and psammaplysin F. Both compounds 
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reduced the amount of SGs per cell when compared to the controls and it was found that 

RAD112 was disrupting the polymerisation of the microtubules. This was consistent 

with the literature about the class of compound, which agreed that the chalcone class 

causes depolymerisation of microtubules. A recovery assay was performed and it was 

found that 30 mins after the removal of the compound in Vero cells, the microtubules 

were re-polymerising. Psammaplysin F decreased the number of SGs being formed via 

decreased phosphorylation of eIF2α in several cell lines. Combination assays with 

RAD112 and bortezomib or sorafenib, and psammaplysin F with bortezomib or 

sorafenib, resulted in an increase in efficacy of bortezomib and sorafenib and 

synergistic interactions in most cell lines. Therefore, this project has reached all of its 

aims and has been highly successful in identifying compounds that can inhibit the 

formation of SGs and led to promising results in combinational experiments that will be 

continued in further studies. 

7.3 Future Directions 

This project has led to the discovery of two compounds that can inhibit the formation of 

SGs; RAD112 and psammaplysin F, and partial determination of the mechanism of 

action of these compounds. Combination experiments with RAD112 and psammaplysin 

F, in combination with bortezomib or sorafenib, identified synergistic interactions and 

increased efficacy of bortezomib and sorafenib. However, additional experiments need 

to be completed before RAD112 and psammaplysin F can be used in in vivo mouse 

models and clinical trials. 

RAD112 treatment resulted in microtubule depolymerisation in Vero cells similar to 

nocodazole treatment. However, the pathway through which RAD112 is causing 

microtubule depolymerisation needs to be determined. Nocodazole can bind to tubulin 

heterodimers to prevent the polymerisation of microtubules (Head et al., 1985; Howard 

et al., 2007). Therefore, as the activity of RAD112 appeared to be similar to 

nocodazole, the binding of tubulin by RAD112 should be determined. This can be 

performed by affinity chromatography which can bind a protein or ligand to agarose or 

polyacrylamide beads in a column and a total cell extract can be passed through the 

column allowing interactions between the protein or ligand of interest (Urh et al., 2009). 

RAD112 could be bound to beads in the column and total cell extracts can be passed 

through the column allowing interactions to occur between RAD112 and its target 
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protein. Mass spectrometry can also be performed using RAD112 and tubulin as a peak 

will be visible during mass spectrometry if there is an interaction (Pedro et al., 2016). 

These methods can be applied to answer the question if RAD112 is binding to tubulin 

and gain a better understanding into the mechanism of action of RAD112. 

The complete mechanism of action of psammaplysin F needs to be determined by 

performing longer time experiments (24-72hrs) with psammaplysin F and determining 

if a complete inhibition of SG formation can occur. The longer treatment with 

psammaplysin F and determination of the phosphorylation levels of eIF2α should also 

be performed. The number of SGs was also increasing in T47D, MDAMB231 and 

MCF7MDR cells after treatment with psammaplysin F, which suggests that 

psammaplysin F affects these cells through a different pathway. There is a SG 

formation pathway that can be activated independently of eIF2α phosphorylation and it 

is possible that psammaplysin F is activating this pathway. This pathway involves 

disruption of the eIF4F complex, which results in the inhibition of translation (Dang et 

al., 2006). This can be examined by performing an affinity chromatography experiment 

to determine if the eIF4F complex is being formed after treatment with psammaplysin 

F. The increase in SGs seen after treatment with psammaplysin F could also be a result 

of the activation of apoptosis. Psammaplysin F is cytotoxic and the resulting stress to 

the cell from the cytotoxic activity of psammaplysin F could cause the formation of 

SGs. To test this hypothesis a western blot examining apoptosis markers such as 

caspase 3 after treatment with psammaplysin F could be performed. HRI 

phosphorylation should also be examined using western blot in HeLa cells after 

treatment with psammaplysin F to determine if the compound is inhibiting the activity 

of HRI. The other three kinases that are known to phosphorylate eIF2α (PKR, GCN2 

and PERK) should also be studied in all cell lines using western blot to determine if 

psammaplysin F is influencing their activity. Computational methods can also identify 

protein binding sites for small molecules on proteins of interest (Henrich et al., 2010; 

Sotriffer et al., 2002) and determining binding sites on psammaplysin F would be 

beneficial in finding potential binding partners such as p-eIF2α, HRI and other proteins 

involved in the SG formation pathway. A study of the effect of psammaplysin F on 

apoptosis should also be examined to determine if psammaplysin is causing cytotoxicity 

through apoptosis, as disruption to SGs hinders the ability of cells to triage mRNA to 

inhibit apoptosis. This could be determined by performing a western blot analysing the 



175 
 

levels of proteins that are activated during apoptosis such as PARP and caspase-3 after 

treatment with psammaplysin F. MDAMB231 cells also displayed decreased levels of 

eIF2α after treatment with psammaplysin F, which suggests that psammaplysin F may 

have another mechanism of action in this cell line. It is possible that psammaplysin F is 

binding to the mRNA of eIF2α and this can be determined by performing a qRT-PCR. 

A qRT-PCR can amplify eIF2α mRNA after treatment with psammaplysin F and 

compare to DMSO treated cells to determine if psammaplysin F is inhibiting the 

production of eIF2α mRNA. These experiments will give further insight into the 

mechanism of action of psammaplysin F and may provide insight into more targets that 

can inhibit the formation of SGs. 

Analogs of RAD112 and psammaplysin F could also be synthesised to determine if 

changes to the functional groups of these molecules would increase their activity. The 

activity of the analogs could be tested by performing the SG inhibition. Once 

confirmation that the activity was still present, the IC50s could be determined and the 

combinational assays could be performed to determine if the synergy previously 

observed could be increased especially with the combination of RAD112 and 

bortezomib as this was the least synergistic combination tested.  

Once the complete mechanism of action and structure-activity relationships of both 

compounds has been determined, these compounds, in combination with bortezomib 

and sorafenib, could be taken into mouse models for exploration in the treatment of 

cancer and eventually onto clinical trials if the results are promising. 
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Figure 2. Negative control for MCF7 cells for co-localisation of G3BP1 and TIA1. (A) 
Negative Control of Alexa Fluor 488. (B) Negative Control of Alexa Fluor 594. Both images 
are of equal magnification. Scale Bar = 10µM. 

A B 

Figure 1. Negative control for HEK293 cells for co-localisation of G3BP1 and TIA1. (A) 
Negative Control of Alexa Fluor 488. (B) Negative Control of Alexa Fluor 594. Both images are 
of equal magnification. Scale Bar = 10µM. 

A B 

Figure 3. Negative control for T47D cells for co-localisation of G3BP1 and TIA1. (A) 
Negative Control of Alexa Fluor 488. (B) Negative Control of Alexa Fluor 594. Both images are 
of equal magnification. Scale Bar = 10µM. 
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Figure 4. Negative control for Vero cells for co-localisation of G3BP1 and TIA1. (A) 
Negative Control of Alexa Fluor 488. (B) Negative Control of Alexa Fluor 594. Both images 
are of equal magnification. Scale Bar = 10µM. 

A B 

Figure 5. Negative control for HeLa cells for co-localisation of G3BP1 and TIA1. (A) 
Negative Control of Alexa Fluor 488. (B) Negative Control of Alexa Fluor 594. Both images 
are of equal magnification. Scale Bar = 10µM. 

A B 

Figure 6. Negative control for MDAMB231 cells for co-localisation of G3BP1 and 
TIA1. (A) Negative Control of Alexa Fluor 488. (B) Negative Control of Alexa Fluor 594. 
Both images are of equal magnification. Scale Bar = 10µM. 



189 
 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A B 

Figure 7. Negative control for MCF7MDR cells for co-localisation of G3BP1 and TIA1. (A) 
Negative Control of Alexa Fluor 488. (B) Negative Control of Alexa Fluor 594. Both images are of 
equal magnification. Scale Bar = 10µM. 

A 

Figure 9. Negative control for Vero cells for optimisation of SA. (A) Negative Control of Alexa 
Fluor 488. Scale Bar = 10µM. 

Figure 8. G3BP1 expression in untreated cells. (A) Wild type Vero cells. (B) Wild-type HeLa 
cells. (C) Wild-type MDAMB231 cells. (D) Wild-type MCF7MDR cells. All images are of equal 
magnification and the brightness and contrast was adjusted uniformly across all fields. Scale Bar = 
10µM. 

A D B C 
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Figure 10. Negative control for HeLa cells for optimisation of SA. (A) Negative Control of 
Alexa Fluor 488. Scale Bar = 10µM. 

A 

Figure 11. Negative control for MDAMB231 cells for optimisation of SA. (A) Negative 
Control of Alexa Fluor 488. Scale Bar = 10µM. 

A 

Figure 12. Negative control for MCF7MDR cells for optimisation of SA. (A) Negative 
Control of Alexa Fluor 488. Scale Bar = 10µM. 
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Figure 13. HEK293 cells treated with compounds RAD001, RAD002 and RAD004. (A) HEK293 
cells treated with RAD001 at 50uM for 4 hours. This image shows the distribution of G3BP1 (green). 
(B) HEK293 cells treated with RAD001 at 50uM for 4 hours and stressed with sodium arsenite at 
125uM for 2 hours. White arrows indicate G3BP1-containing stress granules. (C) HEK293 cells 
treated with RAD002 at 50uM for 4 hours. This image shows the distribution of G3BP1 (green). (D) 
HEK293 cells treated with RAD002 at 50uM for 4 hours and stressed with sodium arsenite at 125uM 
for 2 hours. White arrows indicate G3BP1-containing stress granules. (E) HEK293 cells treated with 
RAD004 at 50uM for 4 hours. This image shows the distribution of G3BP1 (green). (F) HEK293 cells 
treated with RAD004 at 50uM and stressed with sodium arsenite at 125uM for 2 hours. White arrows 
indicate G3BP1-containing stress granules. Scale bar = 20µM. All images are of equal magnification 
and the brightness and contrast was adjusted uniformly across all fields. 
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Figure 14. HEK293 cells treated with compounds RAD005, RAD006 and RAD007. (A) HEK293 
cells treated with RAD005 at 50uM for 4 hours. This image shows the distribution of G3BP1 (green). 
(B) HEK293 cells treated with RAD005 at 50uM for 4 hours and stressed with sodium arsenite at 
125uM for 2 hours. White arrows indicate G3BP1-containing stress granules. (C) HEK293 cells 
treated with RAD006 at 50uM for 4 hours. This image shows the distribution of G3BP1 (green). (D) 
HEK293 cells treated with RAD006 at 50uM for 4 hours and stressed with sodium arsenite at 125uM 
for 2 hours. White arrows indicate G3BP1-containing stress granules. (E) HEK293 cells treated with 
RAD007 at 50uM for 4 hours. This image shows the distribution of G3BP1 (green). (F) HEK293 cells 
treated with RAD007 at 50uM and stressed with sodium arsenite at 125uM for 2 hours. White arrows 
indicate G3BP1-containing stress granules. Scale bar = 20µM. All images are of equal magnification 
and the brightness and contrast was adjusted uniformly across all fields. 
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Figure 15. HEK293 cells treated with RAD008, RAD009 and RAD010. (A) HEK293 cells treated 
with RAD008 at 50uM for 4 hours. This image shows the distribution of G3BP1 (green). (B) HEK293 
cells treated with RAD008 at 50uM for 4 hours and stressed with sodium arsenite at 125uM for 2 hours. 
White arrows indicate G3BP1-containing stress granules. (C) HEK293 cells treated with RAD009 at 
50uM for 4 hours. This image shows the distribution of G3BP1 (green). (D) HEK293 cells treated with 
RAD009 at 50uM for 4 hours and stressed with sodium arsenite at 125uM for 2 hours. White arrows 
indicate G3BP1-containing stress granules. (E) HEK293 cells treated with RAD010 at 50uM for 4 
hours. This image shows the distribution of G3BP1 (green). (F) HEK293 cells treated with RAD010 at 
50uM and stressed with sodium arsenite at 125uM for 2 hours. White arrows indicate G3BP1-containing 
stress granules. Scale bar = 20µM. All images are of equal magnification and the brightness and contrast 
was adjusted uniformly across all fields. 
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Figure 16. HEK293 cells treated with RAD011, RAD012 and RAD025. (A) HEK293 cells 
treated with RAD011 at 50uM for 4 hours. This image shows the distribution of G3BP1 (green). 
(B) HEK293 cells treated with RAD011 at 50uM for 4 hours and stressed with sodium arsenite at 
125uM for 2 hours. White arrows indicate G3BP1-containing stress granules. (C) HEK293 cells 
treated with RAD012 at 50uM for 4 hours. This image shows the distribution of G3BP1 (green). 
(D) HEK293 cells treated with RAD012 at 50uM for 4 hours and stressed with sodium arsenite at 
125uM for 2 hours. White arrows indicate G3BP1-containing stress granules. (E) HEK293 cells 
treated with RAD025 at 50uM for 4 hours. This image shows the distribution of G3BP1 (green). 
(F) HEK293 cells treated with RAD025 at 50uM and stressed with sodium arsenite at 125uM for 2 
hours. White arrows indicate G3BP1-containing stress granules. Scale bar = 20µM. All images are 
of equal magnification and the brightness and contrast was adjusted uniformly across all fields. 
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Figure 17. HEK293 cells treated with RAD026, RAD027 and RAD045. (A) HEK293 cells 
treated with RAD026 at 50uM for 4 hours. This image shows the distribution of G3BP1 (green). 
(B) HEK293 cells treated with RAD026 at 50uM for 4 hours and stressed with sodium arsenite at 
125uM for 2 hours. White arrows indicate G3BP1-containing stress granules. (C) HEK293 cells 
treated with RAD027 at 50uM for 4 hours. This image shows the distribution of G3BP1 (green). 
(D) HEK293 cells treated with RAD027 at 50uM for 4 hours and stressed with sodium arsenite at 
125uM for 2 hours. White arrows indicate G3BP1-containing stress granules. (E) HEK293 cells 
treated with RAD045 at 50uM for 4 hours. This image shows the distribution of G3BP1 (green). 
(F) HEK293 cells treated with RAD045 at 50uM and stressed with sodium arsenite at 125uM for 
2 hours. White arrows indicate G3BP1-containing stress granules. Scale bar = 20µM. All images 
are of equal magnification and the brightness and contrast was adjusted uniformly across all fields. 
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Figure 18. HEK293 cells treated with compounds RAD047 and RAD048. (A) 
HEK293 cells treated with RAD047 at 50uM for 4 hours. This image shows the 
distribution of G3BP1 (green). (B) HEK293 cells treated with RAD047 at 50uM for 
4 hours and stressed with sodium arsenite at 125uM for 2 hours. White arrows 
indicate G3BP1-containing stress granules. (C) HEK293 cells treated with RAD048 
at 50uM for 4 hours. This image shows the distribution of G3BP1 (green). (D) 
HEK293 cells treated with RAD048 at 50uM for 4 hours and stressed with sodium 
arsenite at 125uM for 2 hours. White arrows indicate G3BP1-containing stress 
granules. Scale bar = 20µM. All images are of equal magnification and the 
brightness and contrast was adjusted uniformly across all fields. 
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Figure 19. HEK293 cells treated with compounds RAD049, RAD050 and RAD052. (A) HEK293 
cells treated with RAD049 at 50uM for 4 hours. This image shows the distribution of G3BP1 (green). 
(B) HEK293 cells treated with RAD049 at 50uM for 4 hours and stressed with sodium arsenite at 
125uM for 2 hours. White arrows indicate G3BP1-containing stress granules. (C) HEK293 cells 
treated with RAD050 at 50uM for 4 hours. This image shows the distribution of G3BP1 (green). (D) 
HEK293 cells treated with RAD050 at 50uM for 4 hours and stressed with sodium arsenite at 125uM 
for 2 hours. White arrows indicate G3BP1-containing stress granules. (E) HEK293 cells treated with 
RAD052 at 50uM for 4 hours. This image shows the distribution of G3BP1 (green). (F) HEK293 cells 
treated with RAD052 at 50uM and stressed with sodium arsenite at 125uM for 2 hours. White arrows 
indicate G3BP1-containing stress granules. Scale bar = 20µM. All images are of equal magnification 
and the brightness and contrast was adjusted uniformly across all fields. 
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Figure 20. HEK293 cells treated with RAD053, RAD059 and RAD060. (A) HEK293 cells 
treated with RAD053 at 50uM for 4 hours. This image shows the distribution of G3BP1 (green). 
(B) HEK293 cells treated with RAD053 at 50uM for 4 hours and stressed with sodium arsenite at 
125uM for 2 hours. White arrows indicate G3BP1-containing stress granules. (C) HEK293 cells 
treated with RAD059 at 50uM for 4 hours. This image shows the distribution of G3BP1 (green). 
(D) HEK293 cells treated with RAD059 at 50uM for 4 hours and stressed with sodium arsenite at 
125uM for 2 hours. White arrows indicate G3BP1-containing stress granules. (E) HEK293 cells 
treated with RAD060 at 50uM for 4 hours. This image shows the distribution of G3BP1 (green). 
(F) HEK293 cells treated with RAD060 at 50uM and stressed with sodium arsenite at 125uM for 2 
hours. White arrows indicate G3BP1-containing stress granules. Scale bar = 20µM. All images are 
of equal magnification and the brightness and contrast was adjusted uniformly across all fields. 
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Figure 21. HEK293 cells treated with RAD064, RAD068 and RAD069. (A) HEK293 
cells treated with RAD064 at 50uM for 4 hours. This image shows the distribution of 
G3BP1 (green). (B) HEK293 cells treated with RAD064 at 50uM for 4 hours and 
stressed with sodium arsenite at 125uM for 2 hours. White arrows indicate G3BP1-
containing stress granules. (C) HEK293 cells treated with RAD068 at 50uM for 4 hours. 
This image shows the distribution of G3BP1 (green). (D) HEK293 cells treated with 
RAD068 at 50uM for 4 hours and stressed with sodium arsenite at 125uM for 2 hours. 
White arrows indicate G3BP1-containing stress granules. (E) HEK293 cells treated with 
RAD069 at 50uM for 4 hours. This image shows the distribution of G3BP1 (green). (F) 
HEK293 cells treated with RAD069 at 50uM and stressed with sodium arsenite at 
125uM for 2 hours. White arrows indicate G3BP1-containing stress granules. Scale bar = 
20µM. All images are of equal magnification and the brightness and contrast was 
adjusted uniformly across all fields. 
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Figure 22. HEK293 cells treated with RAD070, RAD071 and RAD072. (A) HEK293 
cells treated with RAD070 at 50uM for 4 hours. This image shows the distribution of 
G3BP1 (green). (B) HEK293 cells treated with RAD070 at 50uM for 4 hours and stressed 
with sodium arsenite at 125uM for 2 hours. White arrows indicate G3BP1-containing 
stress granules. (C) HEK293 cells treated with RAD071 at 50uM for 4 hours. This image 
shows the distribution of G3BP1 (green). (D) HEK293 cells treated with RAD071 at 
50uM for 4 hours and stressed with sodium arsenite at 125uM for 2 hours. White arrows 
indicate G3BP1-containing stress granules. (E) HEK293 cells treated with RAD072 at 
50uM for 4 hours. This image shows the distribution of G3BP1 (green). (F) HEK293 cells 
treated with RAD072 at 50uM and stressed with sodium arsenite at 125uM for 2 hours. 
White arrows indicate G3BP1-containing stress granules. Scale bar = 20µM. All images 
are of equal magnification and the brightness and contrast was adjusted uniformly across 
all fields. 
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Figure 23. HEK293 cells treated with RAD073, RAD074 and RAD077. (A) HEK293 
cells treated with RAD073 at 50uM for 4 hours. This image shows the distribution of 
G3BP1 (green). (B) HEK293 cells treated with RAD073 at 50uM for 4 hours and stressed 
with sodium arsenite at 125uM for 2 hours. White arrows indicate G3BP1-containing stress 
granules. (C) HEK293 cells treated with RAD074 at 50uM for 4 hours. This image shows 
the distribution of G3BP1 (green). (D) HEK293 cells treated with RAD074 at 50uM for 4 
hours and stressed with sodium arsenite at 125uM for 2 hours. White arrows indicate 
G3BP1-containing stress granules. (E) HEK293 cells treated with RAD077 at 50uM for 4 
hours. This image shows the distribution of G3BP1 (green). (F) HEK293 cells treated with 
RAD077 at 50uM and stressed with sodium arsenite at 125uM for 2 hours. White arrows 
indicate G3BP1-containing stress granules. Scale bar = 20µM. All images are of equal 
magnification and the brightness and contrast was adjusted uniformly across all fields. 
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Figure 24. HEK293 cells treated with RAD082 and RAD083. (A) HEK293 cells 
treated with RAD082 at 50uM for 4 hours. This image shows the distribution of G3BP1 
(green). (B) HEK293 cells treated with RAD082 at 50uM for 4 hours and stressed with 
sodium arsenite at 125uM for 2 hours. White arrows indicate G3BP1-containing stress 
granules. (C) HEK293 cells treated with RAD083 at 50uM for 4 hours. This image shows 
the distribution of G3BP1 (green). (D) HEK293 cells treated with RAD083 at 50uM for 4 
hours and stressed with sodium arsenite at 125uM for 2 hours. White arrows indicate 
G3BP1-containing stress granules. Scale bar = 20µM. All images are of equal 
magnification and the brightness and contrast was adjusted uniformly across all fields. 
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Figure 25. MCF7 cells treated with RAD001, RAD002 and RAD004. (A) MCF7 cells treated 
with RAD001 at 50uM for 4 hours. This image shows the distribution of G3BP1 (green). (B) 
MCF7 cells treated with RAD001 at 50uM for 4 hours and stressed with sodium arsenite at 
125uM for 2 hours. White arrows indicate G3BP1-containing stress granules. (C) MCF7 cells 
treated with RAD002 at 50uM for 4 hours. This image shows the distribution of G3BP1 (green). 
(D) MCF7 cells treated with RAD002 at 50uM for 4 hours and stressed with sodium arsenite at 
125uM for 2 hours. White arrows indicate G3BP1-containing stress granules. (E) MCF7 cells 
treated with RAD004 at 50uM for 4 hours. This image shows the distribution of G3BP1 (green). 
(F) MCF7 cells treated with RAD004 at 50uM and stressed with sodium arsenite at 125uM for 2 
hours. White arrows indicate G3BP1-containing stress granules. Scale bar = 20µM. All images 
are of equal magnification and the brightness and contrast was adjusted uniformly across all 
fields. 
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Figure 26. MCF7 cells treated with RAD005, RAD006 and RAD007. (A) MCF7 cells 
treated with RAD005 at 50uM for 4 hours. This image shows the distribution of G3BP1 
(green). (B) MCF7 cells treated with RAD005 at 50uM for 4 hours and stressed with sodium 
arsenite at 125uM for 2 hours. White arrows indicate G3BP1-containing stress granules. (C) 
MCF7 cells treated with RAD006 at 50uM for 4 hours. This image shows the distribution of 
G3BP1 (green). (D) MCF7 cells treated with RAD006 at 50uM for 4 hours and stressed with 
sodium arsenite at 125uM for 2 hours. White arrows indicate G3BP1-containing stress 
granules. (E) MCF7 cells treated with RAD007 at 50uM for 4 hours. This image shows the 
distribution of G3BP1 (green). (F) MCF7 cells treated with RAD007 at 50uM and stressed with 
sodium arsenite at 125uM for 2 hours. White arrows indicate G3BP1-containing stress 
granules. Scale bar = 20µM. All images are of equal magnification and the brightness and 
contrast was adjusted uniformly across all fields. 
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Figure 27. MCF7 cells treated with RAD008, RAD009 and RAD010. (A) MCF7 cells 
treated with RAD008 at 50uM for 4 hours. This image shows the distribution of G3BP1 
(green). (B) MCF7 cells treated with RAD008 at 50uM for 4 hours and stressed with sodium 
arsenite at 125uM for 2 hours. White arrows indicate G3BP1-containing stress granules. (C) 
MCF7 cells treated with RAD009 at 50uM for 4 hours. This image shows the distribution of 
G3BP1 (green). (D) MCF7 cells treated with RAD009 at 50uM for 4 hours and stressed with 
sodium arsenite at 125uM for 2 hours. White arrows indicate G3BP1-containing stress granules. 
(E) MCF7 cells treated with RAD010 at 50uM for 4 hours. This image shows the distribution of 
G3BP1 (green). (F) MCF7 cells treated with RAD010 at 50uM and stressed with sodium 
arsenite at 125uM for 2 hours. White arrows indicate G3BP1-containing stress granules. Scale 
bar = 20µM. All images are of equal magnification and the brightness and contrast was adjusted 
uniformly across all fields. 
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Figure 28. MCF7 cells treated with RAD011, RAD012 and RAD025. (A) MCF7 cells 
treated with RAD011 at 50uM for 4 hours. This image shows the distribution of G3BP1 
(green). (B) MCF7 cells treated with RAD011 at 50uM for 4 hours and stressed with 
sodium arsenite at 125uM for 2 hours. White arrows indicate G3BP1-containing stress 
granules. (C) MCF7 cells treated with RAD012 at 50uM for 4 hours. This image shows 
the distribution of G3BP1 (green). (D) MCF7 cells treated with RAD012 at 50uM for 4 
hours and stressed with sodium arsenite at 125uM for 2 hours. White arrows indicate 
G3BP1-containing stress granules. (E) MCF7 cells treated with RAD025 at 50uM for 4 
hours. This image shows the distribution of G3BP1 (green). (F) MCF7 cells treated with 
RAD025 at 50uM and stressed with sodium arsenite at 125uM for 2 hours. White arrows 
indicate G3BP1-containing stress granules. Scale bar = 20µM. All images are of equal 
magnification and the brightness and contrast was adjusted uniformly across all fields. 
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Figure 29. MCF7 cells treated with RAD026, RAD027 and RAD045. (A) MCF7 cells treated with 
RAD026 at 50uM for 4 hours. This image shows the distribution of G3BP1 (green). (B) MCF7 cells 
treated with RAD026 at 50uM for 4 hours and stressed with sodium arsenite at 125uM for 2 hours. 
White arrows indicate G3BP1-containing stress granules. (C) MCF7 cells treated with RAD027 at 
50uM for 4 hours. This image shows the distribution of G3BP1 (green). (D) MCF7 cells treated with 
RAD027 at 50uM for 4 hours and stressed with sodium arsenite at 125uM for 2 hours. White arrows 
indicate G3BP1-containing stress granules. (E) MCF7 cells treated with RAD045 at 50uM for 4 
hours. This image shows the distribution of G3BP1 (green). (F) MCF7 cells treated with RAD045 at 
50uM and stressed with sodium arsenite at 125uM for 2 hours. White arrows indicate G3BP1-
containing stress granules. Scale bar = 20µM. All images are of equal magnification and the 
brightness and contrast was adjusted uniformly across all fields. 
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Figure 30. MCF7 cells treated with RAD047, RAD048 and RAD049. (A) MCF7 cells 
treated with RAD047 at 50uM for 4 hours. This image shows the distribution of G3BP1 
(green). (B) MCF7 cells treated with RAD047 at 50uM for 4 hours and stressed with sodium 
arsenite at 125uM for 2 hours. White arrows indicate G3BP1-containing stress granules. (C) 
MCF7 cells treated with RAD048 at 50uM for 4 hours. This image shows the distribution of 
G3BP1 (green). (D) MCF7 cells treated with RAD048 at 50uM for 4 hours and stressed with 
sodium arsenite at 125uM for 2 hours. White arrows indicate G3BP1-containing stress 
granules. (E) MCF7 cells treated with RAD049 at 50uM for 4 hours. This image shows the 
distribution of G3BP1 (green). (F) MCF7 cells treated with RAD049 at 50uM and stressed 
with sodium arsenite at 125uM for 2 hours. White arrows indicate G3BP1-containing stress 
granules. Scale bar = 20µM. All images are of equal magnification and the brightness and 
contrast was adjusted uniformly across all fields. 
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Figure 31. MCF7 cells treated with RAD050, RAD052 and RAD053. (A) MCF7 cells treated 
with RAD050 at 50uM for 4 hours. This image shows the distribution of G3BP1 (green). (B) 
MCF7 cells treated with RAD050 at 50uM for 4 hours and stressed with sodium arsenite at 
125uM for 2 hours. White arrows indicate G3BP1-containing stress granules. (C) MCF7 cells 
treated with RAD052 at 50uM for 4 hours. This image shows the distribution of G3BP1 (green). 
(D) MCF7 cells treated with RAD052 at 50uM for 4 hours and stressed with sodium arsenite at 
125uM for 2 hours. White arrows indicate G3BP1-containing stress granules. (E) MCF7 cells 
treated with RAD053 at 50uM for 4 hours. This image shows the distribution of G3BP1 (green). 
(F) MCF7 cells treated with RAD053 at 50uM and stressed with sodium arsenite at 125uM for 
2 hours. White arrows indicate G3BP1-containing stress granules. Scale bar = 20µM. All 
images are of equal magnification and the brightness and contrast was adjusted uniformly 
across all fields. 
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Figure 32. MCF7 cells treated with RAD059, RAD060 and RAD064. (A) MCF7 cells treated with 
RAD059 at 50uM for 4 hours. This image shows the distribution of G3BP1 (green). (B) MCF7 cells 
treated with RAD059 at 50uM for 4 hours and stressed with sodium arsenite at 125uM for 2 hours. 
White arrows indicate G3BP1-containing stress granules. (C) MCF7 cells treated with RAD060 at 
50uM for 4 hours. This image shows the distribution of G3BP1 (green). (D) MCF7 cells treated with 
RAD060 at 50uM for 4 hours and stressed with sodium arsenite at 125uM for 2 hours. White arrows 
indicate G3BP1-containing stress granules. (E) MCF7 cells treated with RAD064 at 50uM for 4 
hours. This image shows the distribution of G3BP1 (green). (F) MCF7 cells treated with RAD064 at 
50uM and stressed with sodium arsenite at 125uM for 2 hours. White arrows indicate G3BP1-
containing stress granules. Scale bar = 20µM. All images are of equal magnification and the 
brightness and contrast was adjusted uniformly across all fields. 
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Figure 33. MCF7 cells treated with RAD068, RAD069 and RAD070. (A) MCF7 cells 
treated with RAD068 at 50uM for 4 hours. This image shows the distribution of G3BP1 
(green). (B) MCF7 cells treated with RAD068 at 50uM for 4 hours and stressed with sodium 
arsenite at 125uM for 2 hours. White arrows indicate G3BP1-containing stress granules. (C) 
MCF7 cells treated with RAD069 at 50uM for 4 hours. This image shows the distribution of 
G3BP1 (green). (D) MCF7 cells treated with RAD069 at 50uM for 4 hours and stressed with 
sodium arsenite at 125uM for 2 hours. White arrows indicate G3BP1-containing stress 
granules. (E) MCF7 cells treated with RAD070 at 50uM for 4 hours. This image shows the 
distribution of G3BP1 (green). (F) MCF7 cells treated with RAD070 at 50uM and stressed 
with sodium arsenite at 125uM for 2 hours. White arrows indicate G3BP1-containing stress 
granules. Scale bar = 20µM. All images are of equal magnification and the brightness and 
contrast was adjusted uniformly across all fields. 
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Figure 34. MCF7 cells treated with RAD071, RAD072 and RAD073. (A) MCF7 cells treated 
with RAD071 at 50uM for 4 hours. This image shows the distribution of G3BP1 (green). (B) 
MCF7 cells treated with RAD071 at 50uM for 4 hours and stressed with sodium arsenite at 
125uM for 2 hours. White arrows indicate G3BP1-containing stress granules. (C) MCF7 cells 
treated with RAD072 at 50uM for 4 hours. This image shows the distribution of G3BP1 (green). 
(D) MCF7 cells treated with RAD072 at 50uM for 4 hours and stressed with sodium arsenite at 
125uM for 2 hours. White arrows indicate G3BP1-containing stress granules. (E) MCF7 cells 
treated with RAD073 at 50uM for 4 hours. This image shows the distribution of G3BP1 (green). 
(F) MCF7 cells treated with RAD073 at 50uM and stressed with sodium arsenite at 125uM for 2 
hours. White arrows indicate G3BP1-containing stress granules. Scale bar = 20µM. All images 
are of equal magnification and the brightness and contrast was adjusted uniformly across all 
fields. 
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Figure 35. MCF7 cells treated with RAD074, RAD077 and RAD082. (A) MCF7 cells 
treated with RAD074 at 50uM for 4 hours. This image shows the distribution of G3BP1 
(green). (B) MCF7 cells treated with RAD074 at 50uM for 4 hours and stressed with sodium 
arsenite at 125uM for 2 hours. White arrows indicate G3BP1-containing stress granules. (C) 
MCF7 cells treated with RAD077 at 50uM for 4 hours. This image shows the distribution of 
G3BP1 (green). (D) MCF7 cells treated with RAD077 at 50uM for 4 hours and stressed with 
sodium arsenite at 125uM for 2 hours. White arrows indicate G3BP1-containing stress 
granules. (E) MCF7 cells treated with RAD082 at 50uM for 4 hours. This image shows the 
distribution of G3BP1 (green). (F) MCF7 cells treated with RAD082 at 50uM and stressed 
with sodium arsenite at 125uM for 2 hours. White arrows indicate G3BP1-containing stress 
granules. Scale bar = 20µM. All images are of equal magnification and the brightness and 
contrast was adjusted uniformly across all fields. 
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Figure 36. MCF7 cells treated with RAD086. (A) MCF7 cells treated with RAD086 at 50uM for 4 
hours. This image shows the distribution of G3BP1 (green). (B) MCF7 cells treated with RAD086 
at 50uM for 4 hours and stressed with sodium arsenite at 125uM for 2 hours. White arrows indicate 
G3BP1-containing stress granules. Scale bar = 20µM. All images are of equal magnification and the 
brightness and contrast was adjusted uniformly across all fields. 
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Figure 37. T47D cells treated with RAD001, RAD002 and RAD004. (A) T47D cells treated 
with RAD001 at 50uM for 4 hours. This image shows the distribution of G3BP1 (green). (B) 
T47D cells treated with RAD001 at 50uM for 4 hours and stressed with sodium arsenite at 125uM 
for 2 hours. White arrows indicate G3BP1-containing stress granules. (C) T47D cells treated with 
RAD002 at 50uM for 4 hours. This image shows the distribution of G3BP1 (green). (D) T47D 
cells treated with RAD002 at 50uM for 4 hours and stressed with sodium arsenite at 125uM for 2 
hours. White arrows indicate G3BP1-containing stress granules. (E) T47D cells treated with 
RAD004 at 50uM for 4 hours. This image shows the distribution of G3BP1 (green). (F) T47D 
cells treated with RAD004 at 50uM and stressed with sodium arsenite at 125uM for 2 hours. 
White arrows indicate G3BP1-containing stress granules. Scale bar = 20µM. All images are of 
equal magnification and the brightness and contrast was adjusted uniformly across all fields. 
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Figure 38. T47D cells treated with RAD005, RAD006 and RAD007. (A) T47D cells treated with 
RAD005 at 50uM for 4 hours. This image shows the distribution of G3BP1 (green). (B) T47D cells 
treated with RAD005 at 50uM for 4 hours and stressed with sodium arsenite at 125uM for 2 hours. 
White arrows indicate G3BP1-containing stress granules. (C) T47D cells treated with RAD006 at 
50uM for 4 hours. This image shows the distribution of G3BP1 (green). (D) T47D cells treated with 
RAD006 at 50uM for 4 hours and stressed with sodium arsenite at 125uM for 2 hours. White arrows 
indicate G3BP1-containing stress granules. (E) T47D cells treated with RAD007 at 50uM for 4 hours. 
This image shows the distribution of G3BP1 (green). (F) T47D cells treated with RAD007 at 50uM 
and stressed with sodium arsenite at 125uM for 2 hours. White arrows indicate G3BP1-containing 
stress granules. Scale bar = 20µM. All images are of equal magnification and the brightness and 
contrast was adjusted uniformly across all fields. 
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Figure 39. T47D cells treated with RAD008, RAD009 and RAD010. (A) T47D cells treated 
with RAD008 at 50uM for 4 hours. This image shows the distribution of G3BP1 (green). (B) 
T47D cells treated with RAD008 at 50uM for 4 hours and stressed with sodium arsenite at 
125uM for 2 hours. White arrows indicate G3BP1-containing stress granules. (C) T47D cells 
treated with RAD009 at 50uM for 4 hours. This image shows the distribution of G3BP1 
(green). (D) T47D cells treated with RAD009 at 50uM for 4 hours and stressed with sodium 
arsenite at 125uM for 2 hours. White arrows indicate G3BP1-containing stress granules. (E) 
T47D cells treated with RAD010 at 50uM for 4 hours. This image shows the distribution of 
G3BP1 (green). (F) T47D cells treated with RAD010 at 50uM and stressed with sodium 
arsenite at 125uM for 2 hours. White arrows indicate G3BP1-containing stress granules. Scale 
bar = 20µM. All images are of equal magnification and the brightness and contrast was 
adjusted uniformly across all fields. 
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Figure 40. T47D cells treated with RAD011, RAD012 and RAD025. (A) T47D cells 
treated with RAD011 at 50uM for 4 hours. This image shows the distribution of G3BP1 
(green). (B) T47D cells treated with RAD011 at 50uM for 4 hours and stressed with 
sodium arsenite at 125uM for 2 hours. White arrows indicate G3BP1-containing stress 
granules. (C) T47D cells treated with RAD012 at 50uM for 4 hours. This image shows the 
distribution of G3BP1 (green). (D) T47D cells treated with RAD012 at 50uM for 4 hours 
and stressed with sodium arsenite at 125uM for 2 hours. White arrows indicate G3BP1-
containing stress granules. (E) T47D cells treated with RAD025 at 50uM for 4 hours. This 
image shows the distribution of G3BP1 (green). (F) T47D cells treated with RAD025 at 
50uM and stressed with sodium arsenite at 125uM for 2 hours. White arrows indicate 
G3BP1-containing stress granules. Scale bar = 20µM. All images are of equal 
magnification and the brightness and contrast was adjusted uniformly across all fields. 
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Figure 41. T47D cells treated with RAD026, RAD027 and RAD045. (A) T47D cells 
treated with RAD026 at 50uM for 4 hours. This image shows the distribution of G3BP1 
(green). (B) T47D cells treated with RAD026 at 50uM for 4 hours and stressed with sodium 
arsenite at 125uM for 2 hours. White arrows indicate G3BP1-containing stress granules. (C) 
T47D cells treated with RAD027 at 50uM for 4 hours. This image shows the distribution of 
G3BP1 (green). (D) T47D cells treated with RAD027 at 50uM for 4 hours and stressed with 
sodium arsenite at 125uM for 2 hours. White arrows indicate G3BP1-containing stress 
granules. (E) T47D cells treated with RAD045 at 50uM for 4 hours. This image shows the 
distribution of G3BP1 (green). (F) T47D cells treated with RAD045 at 50uM and stressed 
with sodium arsenite at 125uM for 2 hours. White arrows indicate G3BP1-containing stress 
granules. Scale bar = 20µM. All images are of equal magnification and the brightness and 
contrast was adjusted uniformly across all fields. 
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Figure 42. T47D cells treated with RAD047 (A) T47D cells treated with RAD001 at 
50uM for 4 hours. This image shows the distribution of G3BP1 (green). (B) T47D cells 
treated with RAD001 at 50uM for 4 hours and stressed with sodium arsenite at 125uM 
for 2 hours. White arrows indicate G3BP1-containing stress granules. Scale bar = 20µM. 
All images are of equal magnification and the brightness and contrast was adjusted 
uniformly across all fields. 
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Figure 43. T47D cells treated with RAD048, RAD049 and RAD050. (A) T47D cells 
treated with RAD048 at 50uM for 4 hours. This image shows the distribution of G3BP1 
(green). (B) T47D cells treated with RAD048 at 50uM for 4 hours and stressed with 
sodium arsenite at 125uM for 2 hours. White arrows indicate G3BP1-containing stress 
granules. (C) T47D cells treated with RAD049 at 50uM for 4 hours. This image shows 
the distribution of G3BP1 (green). (D) T47D cells treated with RAD049 at 50uM for 4 
hours and stressed with sodium arsenite at 125uM for 2 hours. White arrows indicate 
G3BP1-containing stress granules. (E) T47D cells treated with RAD050 at 50uM for 4 
hours. This image shows the distribution of G3BP1 (green). (F) T47D cells treated with 
RAD050 at 50uM and stressed with sodium arsenite at 125uM for 2 hours. White arrows 
indicate G3BP1-containing stress granules. Scale bar = 20µM. All images are of equal 
magnification and the brightness and contrast was adjusted uniformly across all fields. 
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Figure 44. T47D cells treated with RAD052, RAD053 and RAD059. (A) T47D cells 
treated with RAD052 at 50uM for 4 hours. This image shows the distribution of G3BP1 
(green). (B) T47D cells treated with RAD052 at 50uM for 4 hours and stressed with 
sodium arsenite at 125uM for 2 hours. White arrows indicate G3BP1-containing stress 
granules. (C) T47D cells treated with RAD053 at 50uM for 4 hours. This image shows 
the distribution of G3BP1 (green). (D) T47D cells treated with RAD053 at 50uM for 4 
hours and stressed with sodium arsenite at 125uM for 2 hours. White arrows indicate 
G3BP1-containing stress granules. (E) T47D cells treated with RAD059 at 50uM for 4 
hours. This image shows the distribution of G3BP1 (green). (F) T47D cells treated with 
RAD059 at 50uM and stressed with sodium arsenite at 125uM for 2 hours. White arrows 
indicate G3BP1-containing stress granules. Scale bar = 20µM. All images are of equal 
magnification and the brightness and contrast was adjusted uniformly across all fields. 
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Figure 45. T47D cells treated with RAD060, RAD064 and RAD068. (A) T47D cells 
treated with RAD060 at 50uM for 4 hours. This image shows the distribution of G3BP1 
(green). (B) T47D cells treated with RAD060 at 50uM for 4 hours and stressed with 
sodium arsenite at 125uM for 2 hours. White arrows indicate G3BP1-containing stress 
granules. (C) T47D cells treated with RAD064 at 50uM for 4 hours. This image shows 
the distribution of G3BP1 (green). (D) T47D cells treated with RAD064 at 50uM for 4 
hours and stressed with sodium arsenite at 125uM for 2 hours. White arrows indicate 
G3BP1-containing stress granules. (E) T47D cells treated with RAD068 at 50uM for 4 
hours. This image shows the distribution of G3BP1 (green). (F) T47D cells treated with 
RAD068 at 50uM and stressed with sodium arsenite at 125uM for 2 hours. White arrows 
indicate G3BP1-containing stress granules. Scale bar = 20µM. All images are of equal 
magnification and the brightness and contrast was adjusted uniformly across all fields. 
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Figure 46. T47D cells treated with RAD069, RAD070 and RAD071. (A) T47D cells 
treated with RAD069 at 50uM for 4 hours. This image shows the distribution of G3BP1 
(green). (B) T47D cells treated with RAD069 at 50uM for 4 hours and stressed with 
sodium arsenite at 125uM for 2 hours. White arrows indicate G3BP1-containing stress 
granules. (C) T47D cells treated with RAD070 at 50uM for 4 hours. This image shows 
the distribution of G3BP1 (green). (D) T47D cells treated with RAD070 at 50uM for 4 
hours and stressed with sodium arsenite at 125uM for 2 hours. White arrows indicate 
G3BP1-containing stress granules. (E) T47D cells treated with RAD071 at 50uM for 4 
hours. This image shows the distribution of G3BP1 (green). (F) T47D cells treated with 
RAD071 at 50uM and stressed with sodium arsenite at 125uM for 2 hours. White arrows 
indicate G3BP1-containing stress granules. Scale bar = 20µM. All images are of equal 
magnification and the brightness and contrast was adjusted uniformly across all fields. 
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Figure 47. T47D cells treated with RAD072, RAD073 and RAD074. (A) T47D cells 
treated with RAD072 at 50uM for 4 hours. This image shows the distribution of G3BP1 
(green). (B) T47D cells treated with RAD072 at 50uM for 4 hours and stressed with 
sodium arsenite at 125uM for 2 hours. White arrows indicate G3BP1-containing stress 
granules. (C) T47D cells treated with RAD073 at 50uM for 4 hours. This image shows the 
distribution of G3BP1 (green). (D) T47D cells treated with RAD073 at 50uM for 4 hours 
and stressed with sodium arsenite at 125uM for 2 hours. White arrows indicate G3BP1-
containing stress granules. (E) T47D cells treated with RAD074 at 50uM for 4 hours. This 
image shows the distribution of G3BP1 (green). (F) T47D cells treated with RAD074 at 
50uM and stressed with sodium arsenite at 125uM for 2 hours. White arrows indicate 
G3BP1-containing stress granules. Scale bar = 20µM. All images are of equal 
magnification and the brightness and contrast was adjusted uniformly across all fields. 
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Figure 48. T47D cells treated with RAD077 and RAD082. (A) T47D cells treated with 
RAD077 at 50uM for 4 hours. This image shows the distribution of G3BP1 (green). (B) 
T47D cells treated with RAD077 at 50uM for 4 hours and stressed with sodium arsenite 
at 125uM for 2 hours. White arrows indicate G3BP1-containing stress granules. (C) 
T47D cells treated with RAD082 at 50uM for 4 hours. This image shows the distribution 
of G3BP1 (green). (D) T47D cells treated with RAD082 at 50uM for 4 hours and 
stressed with sodium arsenite at 125uM for 2 hours. White arrows indicate G3BP1-
containing stress granules. Scale bar = 20µM. All images are of equal magnification and 
the brightness and contrast was adjusted uniformly across all fields. 
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Figure 49. T47D cells treated with RAD083 and RAD086. (A) T47D cells treated 
with RAD083 at 50uM for 4 hours. This image shows the distribution of G3BP1 
(green). (B) T47D cells treated with RAD083 at 50uM for 4 hours and stressed with 
sodium arsenite at 125uM for 2 hours. White arrows indicate G3BP1-containing stress 
granules. (C) T47D cells treated with RAD086 at 50uM for 4 hours. This image shows 
the distribution of G3BP1 (green). (D) T47D cells treated with RAD086 at 50uM for 4 
hours and stressed with sodium arsenite at 125uM for 2 hours. White arrows indicate 
G3BP1-containing stress granules. Scale bar = 20µM. All images are of equal 
magnification and the brightness and contrast was adjusted uniformly across all fields. 
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Figure 50. Negative control for SG formation in HEK293 cells. (A) Negative Control of 
Alexa Fluor 488. (B) Negative Control of Alexa Fluor 594. Scale Bar = 10µM. All images are of 
equal magnification. 

B 

A 

Figure 51. Negative control for SG formation in MCF7 cells. (A) Negative Control of Alexa 
Fluor 488. (B) Negative Control of Alexa Fluor 594. Scale Bar = 10µM. All images are of equal 
magnification. 

B 

A 

Figure 52. Negative control for SG formation in T47D cells. (A) Negative Control of 
Alexa Fluor 488. (B) Negative Control of Alexa Fluor 594. Scale Bar = 10µM. All images 
are of equal magnification. 

B 
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Figure 53. Negative control for SG formation in Vero cells. (A) Negative Control of Alexa 
Fluor 488. (B) Negative Control of Alexa Fluor 594. Scale Bar = 10µM. All images are of equal 
magnification. 

B 

A 

Figure 54. Negative control for SG formation in HeLa cells. (A) Negative Control of Alexa 
Fluor 488. (B) Negative Control of Alexa Fluor 594. Scale Bar = 10µM. All images are of equal 
magnification. 

B 

A 

Figure 55. Negative control for SG formation in MDAMB231 cells. (A) Negative Control of 
Alexa Fluor 488. (B) Negative Control of Alexa Fluor 594. Scale Bar = 10µM. All images are of 
equal magnification. 

B 
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Figure 56. Negative control for SG formation in MCF7MDR cells. (A) Negative Control 
of Alexa Fluor 488. (B) Negative Control of Alexa Fluor 594. Scale Bar = 10µM. All images 
are of equal magnification. 

B 

A 

Figure 57. Negative control for RAD112 and psammaplysin F treatment in HEK293 
cells. (A) Negative Control of Alexa Fluor 488. (B) Negative Control of Alexa Fluor 594. 
Scale Bar = 10µM. All images are of equal magnification. 

B 

A 

Figure 58. Negative control for RAD112 and psammaplysin F treatment in MCF7 cells. 
(A) Negative Control of Alexa Fluor 488. (B) Negative Control of Alexa Fluor 594. Scale 
Bar = 10µM. All images are of equal magnification. 

B 



231 
 

 

  

A 

Figure 59. Negative control for RAD112 and psammaplysin F treatment in T47D cells. 
(A) Negative Control of Alexa Fluor 488. (B) Negative Control of Alexa Fluor 594. Scale 
Bar = 10µM. All images are of equal magnification. 

B 

A 

Figure 60. Negative control for RAD112 and psammaplysin F treatment in Vero cells. 
(A) Negative Control of Alexa Fluor 488. (B) Negative Control of Alexa Fluor 594. Scale 
Bar = 10µM. All images are of equal magnification. 

B 

A 

Figure 61. Negative control for RAD112 and psammaplysin F treatment in HeLa cells. 
(A) Negative Control of Alexa Fluor 488. (B) Negative Control of Alexa Fluor 594. Scale 
Bar = 10µM. All images are of equal magnification. 

B 
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Figure 62. Negative control for RAD112 and psammaplysin F treatment in 
MDAMB231 cells. (A) Negative Control of Alexa Fluor 488. (B) Negative Control of 
Alexa Fluor 594. Scale Bar = 10µM. All images are of equal magnification. 

B 

A 

Figure 63. Negative control for RAD112 and psammaplysin F treatment in 
MCF7MDR cells. (A) Negative Control of Alexa Fluor 488. (B) Negative Control of 
Alexa Fluor 594. Scale Bar = 10µM. All images are of equal magnification. 

B 
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Figure 64. Controls for SG and microtubule formation in HEK293 cells. These cells were 
stained with antibodies for G3BP1 (shown in green) to visualise SGs and α-tubulin (shown in red) 
to visualise microtubules and counter-stained with DAPI (blue). (A) Normal=Wild-type HEK293 
cells. (B) DMSO= HEK293 cells treated with 1% of DMSO for 4hrs. (C) SA=HEK293 cells 
treated with 125µM of SA for 2hrs. (D) DMSO+SA= HEK293 cells treated with 1% DMSO for 
4hrs and then stressed with 125µM of SA for 2hrs. (E) Increased magnification of microtubules 
in wildtype HEK293 cells. (F) Increased magnification of microtubules in DMSO treated cells. 
(G) Increased magnification of microtubules in SA treated cells. (H) Increased magnification of 
microtubules in DMSO and SA treated cells. Scale bar = 10µM. All images are of equal 
magnification and brightness and contrast has been adjusted uniformly across the field of view.  
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Figure 65. Psammaplysin F treatment on  microtubule formation in HEK293 cells. These cells 
were stained with antibodies for G3BP1 (shown in green) to visualise SGs and α-tubulin (shown in 
red) to visualise microtubules and counter-stained with DAPI (blue). (A) HEK293 cells treated with 
10µM of psammaplysin F for 4hrs. (B) HEK293 cells treated with 10µM of psammaplysin F for 4hrs 
and stressed with 125µM SA for 2hrs. (C) HEK293 cells treated with 20µM of psammaplysin F for 
4hrs. (D) HEK293 cells treated with 20µM of psammaplysin F for 4hrs and stressed with 125µM SA 
for 2hrs. (E) HEK293 cells treated with 30µM of psammaplysin F for 4hrs. (F) HEK293 cells treated 
with 30µM of psammaplysin F for 4hrs and stressed with 125µM SA for 2hrs. (G) Increased 
magnification of microtubules in cells treated with 10µM of psammaplysin F. (H) Increased 
magnification of microtubules in cells treated with 10µM of psammaplysin F and stressed with 
125µM of SA for 2hrs. (I) Increased magnification of microtubules in cells treated with 20µM of 
psammaplysin F. (J) Increased magnification of microtubules in cells treated with 20µM of 
psammaplysin F and stressed with 125µM of SA for 2hrs. (K) Increased magnification of 
microtubules in cells treated with 30µM of psammaplysin F. (L) Increased magnification of 
microtubules in cells treated with 30µM of psammaplysin F and stressed with 125µM of SA for 
2hrs. Scale bar = 10µM. All images are of equal magnification and brightness and contrast has been 
adjusted uniformly across the field of view.  

 

Figure 66. RAD112 treatment on microtubule formation in HEK293 cells. These cells 
were stained with antibodies for G3BP1 (shown in green) to visualise SGs and α-tubulin 
(shown in red) to visualise microtubules and counter-stained with DAPI (blue). (A) HEK293 
cells treated with 50µM of RAD112 for 4hrs. (B) HEK293 cells treated with 50µM of 
RAD112 for 4hrs and stressed with 125µM SA for 2hrs. (C) Increased magnification of 
microtubules in cells treated with 50µM of RAD112. (D) Increased magnification of 
microtubules in cells treated with 50µM of RAD112 and stressed with 125µM of SA. Scale 
bar = 10µM. All images are of equal magnification and brightness and contrast has been 
adjusted uniformly across the field of view.  
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Figure 67. Controls for SG and microtubule formation in MCF7 cells. These cells were 
stained with antibodies for G3BP1 (shown in green) to visualise SGs and α-tubulin (shown in 
red) to visualise microtubules and counter-stained with DAPI (blue). (A) Normal=Wild-type 
MCF7 cells. (B) DMSO= MCF7 cells treated with 1% of DMSO for 4hrs. (C) SA=MCF7 cells 
treated with 125µM of SA for 2hrs. (D) DMSO+SA= MCF7 cells treated with 1% DMSO for 
4hrs and then stressed with 125µM of SA for 2hrs. (E) Increased magnification of microtubules 
in wildtype MCF7 cells. (F) Increased magnification of microtubules in DMSO treated cells. 
(G) Increased magnification of microtubules in SA treated cells. (H) Increased magnification of 
microtubules in DMSO and SA treated cells. Scale bar = 10µM. All images are of equal 
magnification and brightness and contrast has been adjusted uniformly across the field of view. 
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Figure 68. Psammaplysin F treatment on microtubule formation in MCF7 cells. These cells 
were stained with antibodies for G3BP1 (shown in green) to visualise SGs and α-tubulin (shown in 
red) to visualise microtubules and counter-stained with DAPI (blue). (A) MCF7 cells treated with 
10µM of psammaplysin F for 4hrs. (B) MCF7 cells treated with 10µM of psammaplysin F for 4hrs 
and stressed with 125µM SA for 2hrs. (C) MCF7 cells treated with 20µM of psammaplysin F for 
4hrs. (D) MCF7 cells treated with 20µM of psammaplysin F for 4hrs and stressed with 125µM SA 
for 2hrs. (E) MCF7 cells treated with 30µM of psammaplysin F for 4hrs. (F) MCF7 cells treated 
with 30µM of psammaplysin F for 4hrs and stressed with 125µM SA for 2hrs. (G) Increased 
magnification of microtubules in cells treated with 10µM of psammaplysin F. (H) Increased 
magnification of microtubules in cells treated with 10µM of psammaplysin F and stressed with 
125µM of SA for 2hrs. (I) Increased magnification of microtubules in cells treated with 20µM of 
psammaplysin F. (J) Increased magnification of microtubules in cells treated with 20µM of 
psammaplysin F and stressed with 125µM of SA for 2hrs. (K) Increased magnification of 
microtubules in cells treated with 30µM of psammaplysin F. (L) Increased magnification of 
microtubules in cells treated with 30µM of psammaplysin F and stressed with 125µM of SA for 
2hrs. Scale bar = 10µM. All images are of equal magnification and brightness and contrast has been 
adjusted uniformly across the field of view. Negative Controls are in Appendix Figure 42. 

 

Figure 69. RAD112 treatment on microtubule formation in MCF7 cells. 
These cells were stained with antibodies for G3BP1 (shown in green) to visualise 
SGs and α-tubulin (shown in red) to visualise microtubules and counter-stained 
with DAPI (blue). (A) MCF7 cells treated with 50µM of RAD112 for 4hrs. (B) 
MCF7 cells treated with 50µM of RAD112 for 4hrs and stressed with 125µM SA 
for 2hrs. (C) Increased magnification of microtubules in cells treated with 50µM 
of RAD112. (D) Increased magnification of microtubules in cells treated with 
50µM of RAD112 and stressed with 125µM of SA. Scale bar = 10µM. All 
images are of equal magnification and brightness and contrast has been adjusted 
uniformly across the field of view. Negative Controls are in Appendix Figure 42. 
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Figure 70. Controls for SG and microtubule formation in T47D cells. These cells were 
stained with antibodies for G3BP1 (shown in green) to visualise SGs and α-tubulin (shown 
in red) to visualise microtubules and counter-stained with DAPI (blue). (A) Normal=Wild-
type T47D cells. (B) DMSO= T47D cells treated with 1% of DMSO for 4hrs. (C) 
SA=T47D cells treated with 125µM of SA for 2hrs. (D) DMSO+SA= T47D cells treated 
with 1% DMSO for 4hrs and then stressed with 125µM of SA for 2hrs. (E) Increased 
magnification of microtubules in wildtype T47D cells. (F) Increased magnification of 
microtubules in DMSO treated cells. (G) Increased magnification of microtubules in SA 
treated cells. (H) Increased magnification of microtubules in DMSO and SA treated cells. 
Scale bar = 10µM. All images are of equal magnification and brightness and contrast has 
been adjusted uniformly across the field of view. Negative Controls are in Appendix Figure 
42. 
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Figure 71. Psammaplysin F treatment on microtubule formation in T47D cells. These cells 
were stained with antibodies for G3BP1 (shown in green) to visualise SGs and α-tubulin (shown in 
red) to visualise microtubules and counter-stained with DAPI (blue). (A) T47D cells treated with 
10µM of psammaplysin F for 4hrs. (B) T47D cells treated with 10µM of psammaplysin F for 4hrs 
and stressed with 125µM SA for 2hrs. (C) T47D cells treated with 20µM of psammaplysin F for 
4hrs. (D) T47D cells treated with 20µM of psammaplysin F for 4hrs and stressed with 125µM SA 
for 2hrs. (E) T47D cells treated with 30µM of psammaplysin F for 4hrs. (F) T47D cells treated with 
30µM of psammaplysin F for 4hrs and stressed with 125µM SA for 2hrs. (G) Increased 
magnification of microtubules in cells treated with 10µM of psammaplysin F. (H) Increased 
magnification of microtubules in cells treated with 10µM of psammaplysin F and stressed with 
125µM of SA for 2hrs. (I) Increased magnification of microtubules in cells treated with 20µM of 
psammaplysin F. (J) Increased magnification of microtubules in cells treated with 20µM of 
psammaplysin F and stressed with 125µM of SA for 2hrs. (K) Increased magnification of 
microtubules in cells treated with 30µM of psammaplysin F. (L) Increased magnification of 
microtubules in cells treated with 30µM of psammaplysin F and stressed with 125µM of SA for 
2hrs. Scale bar = 10µM. All images are of equal magnification and brightness and contrast has been 
adjusted uniformly across the field of view. Negative Controls are in Appendix Figure 42. 

 

Figure 72. RAD112 treatment on microtubule formation in T47D cells. These cells were 
stained with antibodies for G3BP1 (shown in green) to visualise SGs and α-tubulin (shown in 
red) to visualise microtubules and counter-stained with DAPI (blue). (A) T47D cells treated 
with 50µM of RAD112 for 4hrs. (B) T47D cells treated with 50µM of RAD112 for 4hrs and 
stressed with 125µM SA for 2hrs. (C) Increased magnification of microtubules in cells 
treated with 50µM of RAD112. (D) Increased magnification of microtubules in cells treated 
with 50µM of RAD112 and stressed with 125µM of SA. Scale bar = 10µM. All images are 
of equal magnification and brightness and contrast has been adjusted uniformly across the 
field of view. Negative Controls are in Appendix Figure 42. 
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Figure 73. Negative control for RAD112 and psammaplysin F treatment in 
Vero cells. (A) Negative Control of Alexa Fluor 488. (B) Negative Control of 
Alexa Fluor 594. Scale Bar = 10µM. All images are of equal magnification. 

B 

A 

Figure 74. Negative control for RAD112 and nocodazole treatment in Vero cells. (A) 
Negative Control of Alexa Fluor 594. (B) Negative Control of Alexa Fluor 594 for cold 
shock treatment. Scale Bar = 10µM. All images are of equal magnification. 
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Figure 75. Negative control for microtubule recovery assay in Vero cells. (A) 
Negative Control of Alexa Fluor 594. Scale Bar = 10µM.  
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